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Preface to the Second Edition 


This second edition comes less than a year following the release of the first edition = such is 
the pace at which the understanding and application of wireless power transfer is moving. It 
is truly a “high tech” force that is being pulled by the market demand. “Cut the cord” is their 
bartle cry...and now that they know it can be done, ask what's holding us back, let’s pick up 
speed and get on with it! 


Ongoing efforts to improve the performance of wireless power have led to the development 
of specifically designed devices and new control techniques. One result of this development is 
a fully A4WP-compliant class 2 demonstration system that does not need adaptive matching. 
This amounts to huge cost savings for the system through circuit complexity reduction. 
Ongoing system level tests also revealed flaws in the wireless power standards that require 
correction; all in an effort to improve the wireless power experience. 


The most difficult hurdle faced by wireless power system designers has been the abatement 
of radiated EMI. Given that the wireless power system is an intentional radiator and many 
power electronic designers struggle with this issue, this second edition therefore goes into 
greater detail on the filtering requirements for radiated EMI reduction. 


Support for multi-mode wireless systems was also expanded to improve implementation 
and amplifier design support, as a single amplifier solution is required to keep adoption of 
wireless power moving forward. A new topic was added that covers control strategies for 
wireless power systems. This new topic was added in an effort to stimulate IC manufacturers 
to increase their efforts to support A4WP products and show product designers potential 
solutions using standard techniques. 


While the scope of this second edition has expanded, there is still much more to accomplish, 
as this fast moving technology evolves I sign off to prepare for what comes next. Thank you 
for your interest in this work. 


Michael A. de Rooij 
El Segundo, California 
October 2015 


Preface to the First Edition 


Cutting the power cord, the dawn of wireless power is here! 


Since Nikola Tesla first experimented with wireless power during the early years of the 20th 
century, there has been a quest to “cut the cord” of electrical power - and go wireless! Over 
100 years later, we finally have the technological capability to achieve Telsa’s vision. Highly- 
resonant wireless power transfer, based on the generation of magnetic fields, has proven to 
be a viable path. Magnetic fields offer the necessary requisites - ease of use, robustness and, 
most importantly it is considered safe. 


Applications for wireless power are endless, from mobile communications and computing, 
powering systems in hazardous environments to implantable medical devices. Wireless power 
systems have the ability to dramatically improve the quality of life for patients needing 
powered implants. Imagine not having invasive wires penetrating through the skin to power 
artificial heart pumps. 


With the explosion in the variety and number of mobile devices, wireless power transfer 
offers convenience of charging batteries without the annoyance of cumbersome cables and 
the inconvenience of “plugging in.” The strong push for convenience and power on-demand 
by the consumer is driving the desire for this technology. 


The technology may have caught up with the concept of wireless power, but the implemen- 
tation poses many challenges to power system designers, even though among engineers the 
transmission and reception of magnetic fields are well understood. At the heart of highly- 
resonant wireless power is the amplifier, which drives the coils that generate the magnetic field. 


Thus one of the major challenges for implementing wireless power is the design of the 
amplifier, What is the best amplifier topology to safely and efficiently use in a wireless power 
system? What can be done about other design issues, such as the effects of varying load condi- 
tions and complying with various standards such as radiated EMI regulations? Understanding 
these many challenges for the most optimal amplifier design that can be used in a wireless 
power transfer system is the aim of this handbook. 


Over the past several years, three standards have emerged. These standards, being put forth by 
industry consortia include the Wireless Power Consortium’s Qi, the Power Matters Alliance 
and the Alliance for Wireless Power (A4WP), which is also known as Rezence®, The Rezence 
standard centers on the use of a highly-resonant approach that allows loosely-coupled 
transmission and reception between the source and the receiving coils, This standard was 
chosen to drive the selection criteria for several amplifier topologies (class E, traditional 
Voltage-mode class D, current-mode class D, and ZVS class D) that were designed, built, 
tested and compared for this handbook. 
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Asa handbook, it is meant to be read as a guide to designing an efficient am 
less power transfer system, It shares experiences that could save time and p 
important to understanding and designing wireless power systems, 
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I want to thank my colleagues at Efficient Power Conversion Corporation and all the designers 
of power systems that have gone before me, confronting the design challenges and Paving the 
way for wireless power to become a reality. 


Finally...cut the power cord, wireless power is here! 
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CHAPTER 1: 
Overview of Wireless 
Power Transfer 


What is Wireless Power Transfer? 


The transfer of electrical energy without using conductors 
as the transport medium 


Examples of wireless power media: 
+ Electric fields 
+ Photons 
+ Magnetic fields 


What is Wireless Power Transfer? 


Energy can be transferred in many ways to yield a desired result. Cooking food is a good example 
of wireless power transfer in which an electric stove is used to heat food, but it is not very useful 
when trying to power portable electronic devices. To provide useful electrical energy for portable 
devices, without using electrical conductors, several media such as photons, electric fields, or 
magnetic fields can be used. 


Each of these media has advantages and disadvantages. Photons are not efficient at transferring 
energy where the best-in-class may ultimately achieve only 40% — 50% when lasers are used 
[1.1], but typically fall around 10% [1.2]. Electric fields can be transmitted over a good distance, 
but cannot penetrate some materials, limiting their use. Magnetic fields offer a safer alternative, 
but yield shorter distances between the source and device due to their inherent loop characteristic 
(This characteristic is mathematically referred to as curl). 


Considering the scenario where wireless power transfer is desired, most devices that need to 
receive power will be placed on a wireless power surface, which means there is some control 
over the distance between the source and the devices. And, the distance will not be excessive. 
Based on these comparative factors - electrical transfer, safety, and distance - the logical choice 
of a wireless power medium is the magnetic field, 


{1.1} J-G. Werthen and M, Cohen, “The Power of Light: Photonic Power Innovations in Medical, Energy and Wireless 
Applications,” Photonics Spectra Magazine, May 2006. 

[1.2] A, Polman and H. A. Atwater, “Photonic design principles for ultrahigh-efficiency photovoltaics,” Nature Materials, 
Vol. 11, March 2012, pp. 174-177. 


{1 


| a 


Chapter 1 = 


Why Wireless Energy? 


Mobile device charging 
+ Convenience of use 
+ Extended usable battery life EX. 
Medical implants ~— 
+ Quality offlife improvement 
+ Reduces risk of infection 
Hazardous environments 


+ Explosive atmosphere 
+ Corrosive locations 
+ High voltage 


Why Wireless Energy? 


With the explosion of the variety and number of mobile devices, wireless power transfer offers 
convenience of charging batteries without the annoyance of cumbersome cables, and the incon: 
venience of “plugging in.” Additionally, wireless power could potentially extend the working 
life of the battery by providing untethered power on demand, 


Another end-use of wireless power transfer can be found in medical applications, particularly 
medical implants. These rapidly emerging applications can result in major quality of lite 
improvements and have significant life-extending implications, Imagine not having invasive 
wires penetrating the skin to power artificial heart pumps, but rather being able to power the 
pump from a remote energy source as you sit in a chair, walk around, or lie in bed. 


Wireless power transfer can also be used in safety-critical environments such as explosive 
or corrosive atmospheres (an electrical spark in the vicinity of a gas pump comes t0 mind), 
underwater, or any location where there is a safety risk when an electrical connection is made 
or broken with a corresponding spark, 
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Characteristics of a Magnetic Field 


Magnetic fields: 
+ Considered safe 
+ Well understood — easy to generate and capture 


— Have limited efficient transmission distance — 
depends upon transmitter and receiver diameters 


Characteristics of a Magnetic Field 

Having justified the practical need for wireless power transfer and the use of magnetic fields as 
the transfer medium, next we need to understand the relevant characteristics of magnetic fields. 
First, and most importantly, magnetic fields are considered safe for use even at the frequencies 
targeted for wireless power transfer [1.3]. Specific absorption rate (SAR) guidelines provide the 
required field density limits to ensure human safety when exposed to magnetic fields and are 
governed by well-researched standards [1.4]-{1.6]. 


Secondly, among electrical engineers, magnetic fields are well understood, making them easy to 
generate and capture. 


Lastly, magnetic fields do not transfer energy well over long distances, which is primarily due to 
their divergent characteristics over distance, This makes it difficult to capture enough magnetic 
flux the further from the source the receiver is placed. This limitation is not severe, given that 
most wireless power transfer applications require relatively short distances (e.g., less than 18 
inches), 


(13) J, Nadakuduti, L, Lu, P, Guckian, “Operating Frequency Selection for Loosely Coupled Wireless Power Transfer Systems 
with Respect to RF Emissions and RF Exposure Requirements,” JEEE Wireless Power Transfer Conference, May 15-16, 2013 
Perugia, Italy, pp 234-237, 


[1.4] Class B-Human Exposure Limits, FCC Part 1.1310. 
[1.5] Human Exposure Limits - Recommendation 1999/519/EC. 
[1.6] Human Exposure Limits ~ ICNIRP 2010. 
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Challenges to Wireless Power Transfer 


High efficiency — limited power dissipation budget 
Low profile — needed for the mobile market 
Robust to dynamic operating conditions 

Defined response to foreign metal objects 


Compliance to regulatory standards 


Challenges to Wireless Power Transfer 


The implementation of a wireless power transfer system poses many challenges to power system 
designers. Some of the challenges are market-driven, while others are related to the practicality 
of the system. Today the mobile gadget market is driving the development of wireless power 
transfer, thus setting many of its requirements and challenges. 


These requirements include high efficiency, particularly for the receiving devices due to limited 
power dissipation budgets, low physical profile, and robustness to all operating conditions. 
The need for robustness stems from the convenience-of-use factor that wireless power transfer 
offers — users do not want to be burdened with rules on device placement, limitations on the 
number of devices that can be powered at one time, and the size of the devices to be powered. 
Add to these requirements the need for systems to anticipate adverse operating conditions, such 
as the introduction of foreign objects that can drastically affect the operation and performanct 
of wireless power transfer systems, 


Lastly, these systems need to conform to EMI emission standards such as FCC part 18 [1.7], a" . 
the equivalent EN standards such as EN 55011 [1.8] and EMC directive (2004/108/EC) (1.9) 


{1.1 FCC Code of Federal Regulations Tite 47, Vol |, Part 18 B (Industrial, Scientific, and Medical Equipment) 199% 


[1.8] European Norm. EN55011 Group 2 Class B, i" 
[1.9] Electromagnetic Compatibility (EMC), European Directive (2004/1 O8/EC), 
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Wireless Power Transfer Standards Overview 


6.78 MHz ~201- orm ~100-205kHz 


| Placement | Any orientation, any placement Specific placement Specific placement 


Qpeatinghincple | _Resonance__ | Inductve_| Inductive some esonance_| 
Bluetooth ow Energy | inBand | inband 


“Merged with rezence 


Wireless Power Transfer Standards Overview 


Most of the older wireless power solutions focused on tight coupling, with induction coil solu- 
tions operating at relatively low frequencies from 100 kHz through 315 kHz. This is the basis 
of the Qi (Wireless Power Consortium) and Power Matters Alliance (PMA) standards. 


The Alliance for Wireless Power (A4WP) standard, called Rezence [1.10], makes use of 
high-frequency (6.78 MHz) operation that allows resonance to be used to enhance the 
generation and transmission of magnetic fields for wireless power transmission [1.11, 1.12]. 
This use of high-frequency operation is the basis for the loosely-coupled, highly-resonant 
approach to wireless power transfer. There are many advantages to this approach that will 
become apparent as we delve more into the subject. The two most important advantages are 
supporting multiple devices simultaneously, including various power levels, and the placement 
orientation of the devices. In contrast, the Qi standard now supports devices of various power 
levels, but only one device at a time. 


The Rezence standard has targeted a wide range of power levels to address the multitude 
of device sizes. The Qi standard has also addressed higher power to some degree and now 
can support up to 15 W. This was achieved since the Qi standard also makes limited use of 
resonance to enhance performance. 


In all formats, power management and control between the source and device (that is, transmit- 
ter and receiver) is established using digital communications, In the case of the Wireless Power 
Consortium (WPC) Qi standard and the Power Matters Alliance (PMA) standards, the digital 
information is encoded on the power carrier, Whereas, in the Rezence standard, use is made of 
the Bluetooth Low Energy (BLE) standard, as the ISM band restriction of 15 kHz bandwidth 
precludes power modulation as a viable communications option. The BLE solution makes the 
Rezence standard a more universal solution than the Qi and PMA standards, 


{1.10} R. Tseng, B. von Novak, S, Shevde and K. A. Grajski, “Introduction to the Alliance for Wireless Power Loosely-Coupled 
Wireless Power Transfer System Specification Version 1.0," JEEE Wireless Power Transfer Conference 2013, Technologies, 
Systems and Applications, May 15-16, 2013. 

[1.11]. Karalis, J.D. Joannopoulos, M. Soljasi¢, “Efficient wireless non-radiative mid-range energy transfer,” Annals of Physics, 
Vol. 323, No. 1, 2008, pp. 34-48. 

(1.12) A. Kurs, A. Karalis, R. Moffatt, J. D. Joannopoulos, P, Fisher, M. Soljatié, “Wireless Power Transfer via Strongly Coupled 
Magnetic Resonances,” Science, Vol. 317 No. 6, July 2007, pp. 83-86. 
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Criteria for the Selection of a Wireless 
Power Transfer Standard 


What markets, less than 50 W, can the standard 
target? 

+ Mobile communications 

+ Computing 

+ Low-power medical 


Does the standard address the “convenience factor” 
for the user? 
+ Only A4WP standard addresses this factor 
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Criteria for the Selection of a Wireless Power Transfer Standard 


The choice of a wireless standard for the design of a specific power transfer system needs to 
consider many factors, with the power level and target applications being typically the two 
dominant factors. In the case of medical and mobile computing applications, key additional 
factors are safety and convenience of use. 


The Qi and PMA standards have drawbacks, such as the need for precise placement of the 
device on the source, as well as the ability of the source to drive only one device at a time. 
Whereas, the Rezence standard uses magnetic resonance which makes it possible to have a 
single source capable of delivering power to multiple devices simultaneously, regardless of the 
orientation of the receiving devices, In addition, using resonance allows the system to deliver 
higher power than the inductive-based standards, 
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Wireless Power Transfer Selection 


A4WP (Rezence®) was selected as the standard to be 
used because it is: 


- Highly resonant — improves transmission of energy 


« Allows loose coupling between source and device — 
addresses the convenience factor for the user 


+ Operates using unlicensed ISM band frequency 
of 6.78 MHz 


Wireless Power Transfer Selection 

Having compared various wireless power standards, the decision was made to adopt the A4WP 
Rezence standard as the primary subject of this handbook. This standard is characterized by 
being highly resonant, allowing loose coupling between the source and the device. Further, the 
A4WP standard operates in the open industrial, scientific and medical (ISM) frequency band at 
6.78 MHz [1.13]. This allows end users to have access to a wireless power product without a 
subscription for the use of the frequency band. Operation at this frequency will require careful 
selection of an amplifier and deliberate consideration for other design choices to ensure high 
efficiency, Evaluating these wireless power transfer systems’ design issues is the focus of this 


work, 


[1.13] “ISM band.” Wikipedia: The Free Encyclopedia. Wikimedia Foundation, Inc. January 2014. [Online] Available: 
hitp:/en.wikipedia.org/wiki/ISM_band 
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CHAPTER 2: 
Wireless Power System 


Overview 


| Amplifier Source |! Device 


Impedance Coll | Col Impedance 
[aa Matching i Matching 
Supply i) Network 1 Network 


Source 


Four main sections of a wireless power transfer system: 
Amplifier, Source Coil, Device Coil, and Rectifier 
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Wireless Power System Overview 

The general architecture of a wireless power transfer system is comprised of four basic building 
blocks: 1) an amplifier, also known as a power converter; 2) a source coil that includes a tuning 
network; 3) a device coil that includes a tuning network; and, 4) a rectifier with high frequency 
filtering. Each of these four basic building blocks must be designed to work with adjacent 
blocks, which, as operating conditions vary, can prove to be challenging. Therefore, each of the 
challenges will be addressed and various solutions proposed. For simplicity, we will refer to the 
amplifier through source coil as “the source” and the device coil through output terminals as 
“a device.” 

The advantages and disadvantages of suitable amplifiers will be presented. Likewise, the impact 
of the choice of source and device coils on the choice of amplifier for specific power delivery will 
be presented, and a discussion on the impact of the conyenience-of-use on the overall system 
will be undertaken. 


The operation of the amplifier will need to adjust as power demand shifts. Also, since load vari- 
ations to the amplifier are substantially larger than in traditional radio frequency (RF) wireless 
communication systems, more aggressive techniques are required to ensure efficiency remains 
within practical limits for both the amplifier and the balance of the system. 
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Wireless Coil-Set Overview 


Ideal 
Transformer 


Wireless Coil-Set Overview 

The basis for wireless power transfer is centered on magnetic field coils, which is shown on the 
left in the diagram. A set of coils forms an air core transformer whose leakage (L,x) is high with 
respect to the magnetizing inductance (Lx), as shown on the right. 


Traditional transformer design ensures that the leakage component is kept as low as possible, 
which keeps the transmission efficiency high. In the case of wireless power transfer, the leakage 
component is significantly larger than the magnetizing component. Thus, use of resonance is 
made to increase the current into the magnetizing inductance, thereby restoring transmission 


efficiency. 


Analysis of this circuit reveals that the ability to efficiently transfer power to the secondary side 
is almost entirely determined by the primary-side leakage inductance [2.1]. 


i ine] 
(2.1) K. Siddabattula, “Wireless Power System Design Component and Magnetics Selection,” Texas Instruments. [Online! 
Available: http://e2e.ti.com/suppor/power_management/Wireless_power/m/mediagallery/526153.aspx 
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Highly-Resonant Wireless Power Transfer 
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Highly-Resonant Wireless Power Transfer 


To realize highly-resonant wireless transfer and to overcome the leakage inductance of the coil 
set, the coils are tuned to resonate at an operating frequency of 6.78 MHz, the lowest ISM 
band. This resonance can be achieved by using both series and parallel tuning. Series tuning 
increases the current (lowers the impedance) and parallel tuning increases the voltage (increases 
the impedance). 


A balance between voltage and current requirements can be found that results in a specific 
impedance under specific load conditions. The choice of specific impedance should be made to 
yield the highest energy or some similar metric, Coupling and load variations, unfortunately, 
shift the tuned resonance of the coils. This shift must be taken into account when designing the 
amplifier and rectifier. 


In the case of the device coil, an additional inductance can be added to help absorb large dynam- 
ic changes in load current. Changes in load current can result in unwanted (out of ISM band) 
harmonic currents being injected into the coil, These, in turn, can be radiated and cause the 
system to fail radiated EMI compliance testing. 


In the case of the source coil, series-only tuning is almost always adopted as it yields the highest 
current, which is used as a control mechanism for wireless power transfer systems. 
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Source Coil Tuning 
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Source Coil Tuning 


The source coil is essentially a large inductor, whose impedance is indicated by the red dot with 
a number “1” on the Smith Chart [2.2] at 6.78 MHz, and can be measured using a Vector 
Network Analyzer (VNA). If required by the connection between the source coil and amplifier, 
this measurement should include the transmission line. 


To tune the source coil, first select a base condition, typically without a device or foreign metal 
object being present. This is necessary to avoid large unforeseen impedance shifts. Adding @ 
shunt capacitor to the coil will increase the impedance (not typically employed), as shown by the 
orange arc arrow. Adding series capacitance to the coil will reduce its impedance, as shown by 
the green arc arrow. The choice of capacitance is critical because the end result must be a put? 
fesistance shown by the green dot, which represents a tuned source coil. 


nd 
The effect of coupling factor on the reflected impedance can be determined after the source # 
device coils are tuned and placed in proximity to each other, 


ihe 
+ vess/software/sm! 
{2.2] Smith Chart background image courtesy of RF Café , [Online] Available: hitp:/wwwarfeafe.com/business! 
chart-for-excel/smith-chart-for-excel 
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Device Coil Tuning 

The device coil is also essentially a large inductor, but is typically smaller than the source coil. 
Its impedance is indicated by the red dot on the Smith Chart at 6.78 MHz and can be measured 
using a VNA. 


To tune the device coil, first select a base condition, typically done in the application with 
enclosure and other major components present. This is necessary to avoid impedance shifts that 
can yield significant deterioration in performance by detuning the device coil when it is installed 
into an application. In addition, the device coil should be tuned in the absence of a tuned source 
coil, to prevent tuning to a beat frequency shift as a result of the coupling between the two coils. 


Adding a shunt capacitor to the coil will increase the impedance shown by the blue arc arrow, 
This is used to tweak the output voltage that will be supplied to the rectifier beyond the 
turns ratio of the source and device coils, Adding series capacitance to the coil will reduce its 
impedance, as shown by the green arc arrow, 


Finally, the addition of series inductance results in a pure resistance shown by the orange dot 
with a “4” in the center on the Smith Chart, which represents a tuned device coil, The function 
of the inductor is to help reduce large transient load changes from inducing high out-of-band 
harmonic currents into the device coil that can radiate as EMI, 
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Transformer Model — Single Device 

A single device coil-set can be modelled as a transformer [2.3]. The components of the 
transformer include leakage inductances, magnetizing inductance, an ideal transformer, and 
winding resistances, 


The model is derived from a few key measurements that can be made using a VNA. These 
measurements are: 


1. The source coil impedance (without the device coil present) — (Levit see) 
2. The device coil impedance (without the source coil present) — (Looney) 


3. The source coil with device present (per application setup) and with the device in short 
circuit — (Lerewrer short) 


Since the coupling between the coils is low, it is important to ensure a good, clean, and accurate 
measurement, 
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Transformer Model = Single Device - continued 


The coupling coefficient can then be calculated using equation 1, This coupling coefficient can 
be used to determine the leakage components. It can be shown that the device side leakage 
(Liston) can be transformed to the source side (Lisi ne) and is equal to the value derived 
for the source side (Lyi oc) This simplifies calculations using the model. The magnetizing 
inductance (Lregnering) CAN be calculated using equation 3, Finally, the turns-ratio for the model 
can be determined using equation 4, This is used to transform device side impedances to the 
source side, It is important to note that, unlike the case of classical transformer models that only 
result in integer turn-ratios, the coil-set transformer model can have any rational number as a 
result. This is due to the difference in area in the center of the coils. 


The loss components for the coils are modelled using resistors that represent the winding 
resistance, It is important to use the resistance value at the fundamental operating frequency, 
which in the case of wireless power conforming to Rezence standards will be 6.78 MHz. 


It is not necessary to model capacitances in this scenario, as the values between the source and 
device are very low and have negligible impact on the accuracy of the model. 


(2.3) R. J. Smith, Circuits, Devices and Systems. Fourth Edition, Wiley. 
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Coil-Set Transformer Model - Two Devices 


A coil-set comprised of two devices can also be modelled as a transformer in a similar manner 
as for a single device, The devices share the magnetic flux field resulting in a series-connection 
of the device models. It is important to note that in this model the sum of each device's coupling 
coefficients cannot exceed one, The coupling coefficients may be vastly different and can 
represent a large device and a small device. If the coupling coefficient of one device becomes 
zero (the device is no longer present), then the model reduces to that of a single device case. 
This model ignores coupling between the devices, as it is assumed to be significantly smaller 
than between a device and the source, This will be true when the two devices are not placed 
close to each other. If the devices are large and placed close to each other, they can couple. This 
coupling can further be modelled in the same manner as between a source: i 
The derivation of this model falls outside the scope of this work. 


The measurement and cei for the two device model follows the 
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Device Loading 

Using the transformer model and tuning circuits, the impact of the DC load resistance (Rroaa) 
variation on the tuned source coil can be analyzed. This will be done in stages starting with the 
device tuning circuit, and working back through the transformer model, and ending with the 
source tuning circuit. The end of each step will be the beginning of the next step. 


A fixed value for the DC load resistance (Riau) Shown by the red dot (1) is used to start. This DC 
resistance needs to be transformed into an equivalent AC resistance, as seen looking to (2) by the 
blue dot. If sinusoidal voltages and currents are assumed, then the DC load resistance can simply 
be multiplied by 1/72 to reveal the AC load resistance. However, in practical circuits, with 3“ 
harmonic current crest factors introduced by the diodes and the voltage drop of the diodes, this 
approximation will need to be adjusted. It is best to conduct a few experiments to determine a 
good scaling factor to use. In addition, the capacitances of the diodes need to be considered for the 
equivalent AC resistance, as they appear in parallel with the input terminals of the rectifier, 


Next, the impact of the two series components is determined and shown for the inductor (Lyeris) 
with the green dot (3) and the capacitor (Cyeries) by the orange dot (4), 


The last component to be considered is the parallel capacitor (C,,,ae)), Whose impact yields the total 
device impedance (Zpevice) represented by the purple dot (5). The device inductance is not taken into 
account in this section of the analysis since it becomes part of the transformer model, Note that if 
the DC load resistance is chosen to have a very high value, then the device impedance will result in 
the complex conjugate of the empty device inductance (Leaip). 
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Transformer Reflected Impedance — Single Device 


Having determined the device impedance loading (Zpeve) on the transformer, it can now be 
transformed to the source side, Starting with the device impedance, the coil device side losses 
(Resi_p) are added. This results in a very small shift in impedance in most cases, and is required 
for high efficiency in wireless power applications. 


To transform the device impedance to the source side, the impedance is multiplied by the 
square of the turns-ratio (Zpeye'N?) to reveal the device impedance on the source side, shown 
by the blue dot (2). Next, the device side transformed to the source side leakage inductance 
(Lseak.pev) is added resulting in the green dot (3). This is connected in parallel with the magnetizing 
inductance (Lysyreuzing) and yields the orange dot (4). 


Lastly, the series components, the source side leakage inductance (Lik sx) and source coil 
winding resistance (Royce) are added to yield the total reflected impedance (Zeetgrea) a8 Shown 
by the purple dot (5). 
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Tuned Reflected Impedance 


Note: The grey arrows indicate a cross-sectional slice for the part of 
the circuit whose impedance is represented on the Smith Chart. 


Tuned Reflected Impedance 

Having calculated the total reflected impedance (Zrefeced) Shown by the red dot (1), it can be used 
to determine the total tuned coil-set impedance (Zc Tues) Shown by the green dot (2). In this case, 
the series capacitance (Cyries) is added to the total reflected impedance. 


Ina good design, using an applicable DC load resistance, the result should still be very close to the 
real axis of the Smith Chart, which indicates that the coil set remains on resonance. Caution should 
be exercised if no real impedance shift is observed for low DC resistance values, for this would 
indicate that the device may not be correctly tuned, or the coupling factor is too low. 


| 19 


Chapter 2 


Effect of Device Load on Reflected Impedance 


\ 
Reo! 


1 " i} 
ng} __ Transformer Model J_Device Tuning) 


Effect of Device Load on Reflected Impedance 


The analysis method used to this point can now be used to determine the impact of the DC load 


resistance (Rj) Variation, which would occur by a charging battery, on the impedance of the 
tuned coil-set (Zicoit Tuned)« 


Starting with a high DC load resistance value shown by the red dot (a) and decreasing until it 
reaches (b), the reflected impedance of the tuned source coil is shown by the green trace and 
moves in the opposite direction starting with a low impedance at (a) and increasing to end at (b). 
This is the negative impedance effect of the highly resonant wireless power coil-set. 
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Effect of Coupling on Reflected Impedance 
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Effect of Coupling on Reflected Impedance 


The analysis methodology can further be used to determine the impact of coupling factor (k) on the 
tuned source coil reflected impedance (Zit tuned): 


As in the previous example, the DC load resistance is varied starting at a high DC load resistance 
value shown by the red dot (a) and is decreased until it reaches (b). When the device coil is placed 
close to the source coil it yields a high coupling of between 15% and 30%, as shown on the left 
image. The high coupling results in a large tuned source coil reflected impedance variation, as 
shown by the orange trace. Again, the impedance shift is reversed going from the low impedance, 
which is indicated by the black dot (a) and increasing in the direction of the black dot (b). 


Increasing the separation between the device and source coil, shown by the center image, will 
decrease the coupling between them. At between 8% and 15% coupling, the variation in the tuned 
source coil reflected impedance decreases, which is indicated by the green trace. Additional increase 
in separation distance between the device and source coil, shown by the right image, will further 
decrease the coupling down to between 4% and 8% with a corresponding decrease in the tuned 
source coil reflected impedance as shown by the blue trace, 


Complete removal of the device coil yields the purple dot, which is the original tuned set-point for 
the source coil. 


The traces have been offset for clarity, they actually lie one on top of the other. 
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Coupling Adjustment for Targeted Impedance Variation 
The analysis methodology can further be used as a desi 


specific use case specification. Changes can be made to 
small tuned source coil reflected impedance variation. 


ign tool for matching the coil-set with a 
the coil-set to avoid a too large or too 


In most applications, the device requirements are set based on the A4WP consortium’s approval 
Process and the requirements for compatibility between conforming systems. Therefore only 
changes to the source coil can be made to match it to a Particular impedance specification. If 
designing both the device and source coils, then both designs can be adjusted. In this discussion, 
the device design will remain fixed to better illustrate this concept. 


Starting with the center image case, where the coupling factor lies between 5% and 10% fora 
device to coil separation distance of dj, the tuned source coil’s reflected impedance would yield 
a specific impedance range. If that range is too high or too low, due to the requirement to meet 
either a separation distance of d, or d;, then the number of turns on the source coil can be ad- 
justed to correct the impedance range. 


Removing turns from the source coil effectively reduces the coupling coefficient if the separation 
distance is maintained, as shown in the left image. Adding turns to the source coil effectively 


increases the coupling coefficient if the separation distance is maintained, as shown in the right} 


image. By adjusting the distance to the use case specification, given by d, or dy respectively, the 


resulting coupling coefficient will remain largely the same, This will become an important desig? 
tool when trying to match the coil impedance to work efficiently with a particular amplifier. 
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Amplifier Drive Capability 

Now that the coil-set impedance can easily be analyzed, the impact of the impedance variation 
on a potential amplifier needs to be understood. From the analysis, it was determined that the 
DC load resistance variation results in an inverse impedance variation, where the lowest DC 
load resistance results in the highest reflected impedance. 


If the coil design yields a low value for the maximum reflected impedance, the amplifier needs 
to operate in the blue region. Operation in this region requires a high current and it will be 
more difficult to deliver high power. 


If the coil design yields a high value for the maximum reflected impedance, the amplifier needs 
to operate in the red region. Operation in this region requires a high voltage and again will 
prove difficult to deliver high power. 


A balance needs to be found for the coil design to find the optimal operating point that 
matches the amplifier capability, as shown by the green region. This will yield the highest 
efficiency for both the coil-set and the amplifier based on the power delivery requirements. 


Furthermore, amplifiers will have a reactive impedance drive capability, which needs to be determined 
and matched to the coil-set, If the coil-set reactive impedance variation falls within the amplifier 
capability, then the coil set tuning should target the center of the reactive impedance range, as shown 
by the black dot. This only requires adjustment of the source coil series tuning capacitance, Expected 
impedance variations will then completely fall inside the amplifier capability, and DC load resistance 
variation will follow the black trace when the coil is operated under the conditions at which it was 
tuned, 
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Wireless Power Transfer Amplifier Topologies Overview 


In this section we present various amplifier topologies suitable for wireless power transfer. The 
main selection criteria for any topology are high operating efficiency and reasonable cost. As 
a result, most traditional RF amplifier topologies are not considered for use in wireless power 
systems since their efficiencies are too low. Only switching-based amplifier topologies that make 
use of soft-switching techniques are suitable candidates. 


The most popular topology for this application is the class E amplifier, as it has a theoretical 
100% conversion efficiency [3.1]. Class D topologies are also good candidates, as these amplifiers 
exhibit very high conversion efficiency [3.2, 3.3]. Both the voltage- and current-mode class D 
amplifier topologies are covered in this handbook. 


A variation of the traditional voltage-mode class D amplifier that is well suited for wireless 
power is the zero voltage switching (ZVS) voltage-mode topology [3.4] which is also presented. 


Finally, some of these amplifier topologies can operate in a differential mode and are also 
discussed. 


[3.1] F. H. Raab, “Idealized operation of the class E tuned power amplifier,” EEE Transactions on Circuits and Systems, Vol.24, 
No. 12, pp. 725-735, December 1977. 

[3.2] D. Oliveira, C. Duartey, V. G. Tavaresy, P. G. de Oliveira, “Design of a Current-Mode Class-D Power Amplifier in RF- 
CMOS,” XXIV Conference proceeding on Design of Circuits and Integrated Systems (DCIS‘09), November 2009, pp. 85-89. 
[3.3] M, A. De Rooij and J. T. Strydom, “eGaN® FETs in Low Power Wireless Energy Converters,” Electro-Chemical Society 
Transactions on GaN Power Transistors and Converters, Vol. 50, No. 3, pp. 377-388, October 2012. 

3.4) A. Lidow, M. A. de Rooij, “Performance Evaluation of Enhancement-Mode GaN transistors in Class-D and Class-E 
Wireless Power Transfer Systems,” Bodo ’s Power Systems, May 2014, pp. 56-60. 
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Coil Network Simplification 

The entire coil system can be simplified into an equivalent impedance (Zia) that can be used 
to design, evaluate, and compare various topologies and devices. This simplification requires 
accurate impedance values for all the components in the equivalent circuit at the Operating 
frequency, including the equivalent transformer circuit model discussed in the Previous section. 


The impedances can be determined from s-parameters provided by the manufacturer, or alter- 
natively, by s-parameter measurement of the discrete components using a VNA. The rectifier 
poses a challenge, as neither s-parameter data nor VNA measurements can be used since the 
magnitude of the VNA signal in most cases is too small to effectively activate the diodes. 


Whenever the Z,,. is discussed later in this work, the full circuit shown above is being described 


and is referred to as the reflected load impedance. Whenever Rpctoad is discussed, then only the 
final DC load resistance is being described, 
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Class E Amplifier 


Shown here is the single-ended class E amplifier together with the ideal operating waveforms 
[3.5]. Due to ISM band restrictions, the amplifier operates with a fixed frequency and 50% 
fixed duty cycle. Under ideal operating conditions the device voltage rating can be 3.56 times 
the supply voltage (Vpp). However, due to load and coupling variations, the peak voltage across 
the device can be as high as 7 times the supply voltage. 


The amplifier designer must consider all operating conditions when selecting a suitable power 
transistor [3.5]. The output capacitance (Coss) of the transistor becomes part of the matching 
network design and is effectively absorbed into the matching network design. However, in 
some cases Co, can be too high, which can lead to very high device losses under certain load 
conditions, For this amplifier, the tuned coil RMS voltage, across the series combination of Zio 
and C, is approximately 0,707 times the supply voltage. 


One advantage of the class E topology is that it requires only a ground-referenced gate driver, which 

can reduce costs, Specifically, the LM5114 [3,6] or UCC2761 1 [3,7] from Texas Instruments can be 

used for larger EPC eGaN FETs, In the latest generation of eGaN FETS, such as the EPC2037 [3.8], 

the input capacitance is low enough that the controller's digital output is sufficient to operate the 
| transistor, thus saving the cost, space, and power loxgex associated with the driver, 


(3.5) M. A. de Kool), “eCaN® FET bawed Wireless Unorgy ‘Trunater ‘Topology Performance Comparisons," Jnternational 
Lshibition and Conference for Power Kseetronies, Intelligent Motion, Renewable Energy and Energy Management (PCIM 
Lurope), May 2014, pp. 610-617, 
pal ‘Texe Inetruments, “Single 7.64 Pouk Current Low-Side Cate Driver," LMS114 datumhwot, Jun 2011 [Revived Marel 
13}, {Online} Available: htiy://wwwal com/liV/da/nymiink/lin | 14 pat 
7| ‘Texan Inotruments, “4A/6A High Spood 4-V Drive pie Ninyle Cato Deliver," UCC27OLL dtuxhoot, Doe 2012, 
Online} Available; hiip//wwwalcom/livdwaymlink/iwo2 761 | pall! 
ps) Whclent Power Conversion Corporation, “Enhancement Mode Power Tranalstor," 1PC2047 datuaheot, June 2014, |Online} 


| ‘hiipi//epe-cocon/epe/document/dutunhwoiw P2047 proliminury,pal 
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Current-Mode Class D Amplifier 


Next is shown the ideal current-mode class D amplifier [3.9]. Due to ISM band restrictions, this 
amplifier operates with a fixed frequency and a 50% fixed duty cycle. Under ideal Operating cong. 
ons, the power transistor’s (FET) voltage rating is pi (n) times the supply voltage (Vpo) and, unlike 
theclass E amplifier, itis largely independent of load conditions, The FET outputcapacitance Cj 
appears in parallel with the resonant tank circuit capacitance (C,,), and thus becomes Part of the 
matching network design, since it is effectively absorbed into the matching network, 


One drawback of the current-mode class D amplifier is the high current in the resonant inductor 
that can lead to high losses. This can be mitigated by selecting an inductor with a high Q fac- 
tor at the operating frequency, For this amplifier, the tuned-coil RMS voltage, across the series 
combination of Z,,,u and Cs, is approximately 2.22 times the supply voltage, giving it a very 
high voltage gain and thus making it a suitable candidate when the supply voltage is limited. 


Another advantage of the current-mode class D amplifier is that it requires only a ground- 
referenced gate driver, In particular, the LM5114 [3.10] or, UCC27611 [3.11] from Texas 
Instruments can be used for larger EPC eGaN FETs. In the latest generation of eGaN FETs, 
such as the EPC2037 (3,12), the input capacitance is low enough that the controller's digital 


Output is sufficient to operate the transistor, thus saving the cost, space, and power losses asso 
ciated with the driver, 


199) M. A. de Roo, eGaN* FET based Wireless Energy Transfer Topology Perfomance Comparisons.” Ie mciM = 
Exhibition and C for Power Electronics, Intelligent Motion, Renewable Energy and Energy Management ( 
Europe), May 2014, pp. 610-617, + h 
tae (a ngtuments, “Single 7.64 Peak Cumen Low-Side Gate Driver” LMSII4 datashet Jan 2011 [Revise Mo 
2013] {Online} Available: hp://www..con/ivdssymlink/ins|4,pdf te. 012 
{3.11} Texas Instruments, “4A/6A High-Speed $V Drive Single Gate Driver," UCC27611 datasheet, Dec 
{Online} Available: hiip//wwwi.convlivd/symlink/uce2761 | pd i 2015. 
(3.12) Efficient Power Conversion ay iota 
[Online] Available: hitp/epe-co,convepe 
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Voltage-Mode Class D Amplitier 


The traditional voltagemode cliss D-amplitier is presented here {3.13}, Due to ISM_ band 
restrictions, this amplifier operates with a fixed frequency and a 50% fixed duty cycle, Under the 
ideal operating conditions shown, it uses zero current switching (ZCS) to establish high operating 
efficieney, However operation at high frequeney still requires the switching devices to transition 
Voltage, Ht should be noted that devices with a high output capacitance (Cog) can have significant 
losses andl reduce the system efficiency, For wireless power transfer operating at 6.78 MHz itis 
therefore necessary to change the operation of this class D amplifier to zero voltage switching 
(ZV'S), which is achieved by tuning the load to appear inductive to the amplifier, 


The current in the resultant inductance is used to sel&commutate the switchnode voltage 
transitions, yielding a significant improvement in amplifier elticiency, However, tuning the load to 
appear inductive to the ampliticr at the operating frequency shilts the resonant frequency below the 
tuned operating frequency, and henee decreases the coil system efficiency, 


Due to the amplifier configuration, the voltage rating of the devices ean be the same as the supply 
Voltage (Vy) However, in some extreme and rare load conditions, it May be necessary to add some 
tnarginy but no more than 25% iF using the optimal layout technique [3.t4}, for Voltage ringing, 
Although, for this amplifier the tuned coil RMS Valtage across the series combination of Zyoq and 
Cy is dependent on the magnitude of the supply voltage Vins The ratio of Voy with tespect to the 
tuned coil RMS voltage is dependent on the gain af the matching nerwork (Log and Oy) 


The voltagesmode class D amplifier requires a lovel-shitting gate driver and the LMSUL3 [18] ean 
therefore be used to drive the eGaN RET 


[MINE Mo AL de Roo(), GaN ® ERT based Winekoss Uinonay Transtie Rypakoay Neetormanoe Conypaarisnns” Aaawanaonad 


AVibition cad Comhvene Ane Mnwee Blomonias, Untvllignwt Matin, Romonvedie Any cand Brongy: AAwnagomone NOTE 
unre), May 2014, Dp. 010-017, 


[M14] 1D, Roueh, J, Strydtom, “Unilorstanaling the MOL OF ACE Layout on Circuit Meetimmanon fa High Rroquoney Gatlin 
Nitvichs Wave! Maint Tava Conerton” dpyatend Mn Adeayroniy ClMAvowion, ANC MA IY 49-058, 1O-2T Marah 201, 


UMS} Tova Vostrmenity, “LMSTLN SA, LO0Y Halt Niitgo Gate Driver fir Bhanoonent Moste Gia PETS UIST adatashoot, 
Ap 2018, (Oatine) Available: WAV town poradtinol STL 
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ZVS Voltage-Mode Class D Amplifier 


The single-ended ZVS voltage-mode class D amplifier together with the ideal Operating wave- 
forms is shown here [3.16]. Due to ISM band restrictions, this amplifier operates with a fixed 
frequency and 50% fixed duty cycle, The circuit includes a non-resonant ZVS tank circuit that 
is used to self-commutate the switch-node voltage transitions and effectively the Cos of the 


devices. This allows the converter to Operate as a no-load buck converter with ZVS transitions. 


Due to its configuration, the voltage rating of the devices is alwa 
voltage (Vpp). However, in some extreme and rare load conditi 
some margin, although no more than 25%, 
voltage ringing. 

Another advantage of this topology is that the ZVS tank circuit does not carry any load current 
and, as such, will have very low operating losses, For this amplifier, the tuned coil RMS voltage 
across the series combination of Z,.,3 and Csis approximately 0.45 times the supply voltage. 
The ZVS voltage-mode class D amplifier requires a level-shifting gate driver for which the 
LMS5113 [3.18] can be used to drive eGaN FETs, 


ys the same as the supply 
(ons, it may be necessary to add 
if using the optimal layout technique [3.17] for 


[3.16] M. A. de Rooij, “eGaN® FET based Wireless 
Exhibition and Conference for Power Electronics, 
Europe), May 2014, pp. 610-617 

3.17] D. Reusch, J. Strydom, “Understanding 
fo Based Point of Load Conyerter,”, 

3.18) Texas Instruments, “LMS 
a 2013, [Online] Available: 
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Differential-Mode Class E Amplifier 
The class E amplifier can be configured in differential-mode. In this case, two single-ended 


versions of the amplifier are connected back-to-back, with the load appearing between the 
outputs of each single-ended amplifier and being operated differentially. 


The extra inductor (L.) of each amplifier can be combined into a single element for 
simplification. The differential-mode amplifier essentially doubles the output power capability 
over the single-ended version when it is operating with the same load and supply voltage (Vpp). 
As in the case of the single-ended version, the peak device voltage rating is 3.56 times the 
supply voltage (Vpp), but can again be as high as 7 times, subject to the load and coupling 
variations of the load. 


Device selection for the differential-mode class E amplifier is the same as for the single-ended 
case, where high Coss can lead to very high device losses under certain load conditions. For 
this amplifier the tuned coil RMS voltage across the series combination of Zioa and Cy is now 
doubled, at approximately 1.414 times the supply voltage. Another advantage of this 
amplifier is that it requires only a ground-referenced gate driver. The LMS113 [3.19] or two 
UCC27611s [3.20] can be used in conjunction with larger EPC eGaN FETs. In the latest 
generation of eGaN FETs, such as the EPC2037 [3,21], the input capacitance is low enough 
that the controller's digital output is sufficient to operate the transistor, thus saving the cost, 
space, and power losses associated with the driver. 

[3.19] Texas Instruments, “LMS113 5A, 100V Half-Bridge Gate Driver for Enhancement Mode GaN PETS," LMS113 datasheet, 
Apr. 2013. [Online] Available: www.li.com/producv/im$113 

{3.20} ‘Texas Instruments, “4A/6A High-Speed 5-V Drive Optimized Single Gate Driver,” UCC27611 datasheot, Dec 2012, 
{Online} Available: hitp://www.ti,conv/livds/symlink/uce2761 1, pdt 

[3.21] Efficient Power Conversion Corporation, "Enhancement Mode Power Transistor,” EPC2037 datasheet, June 2015, 
{Online} Available; hitp://epe-co.com/epe/documents/datasheets/EPC2037 _preliminary,pdt 
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Differential-Mode ZVS Class D Amplifier 


The ZVS class D can be configured as a differential-mode version. In this case, two single- 
ended versions of the amplifier are connected back-to-back, with the load appearing between 
the outputs of each single-ended amplifier and operated differentially, 


The differential-mode ZVS class D amplifier can have two possible configurations. The 
configuration choice depends on the Operating specifications. In the first configuration, two 
individual single-ended ZVS class D amplifiers are used to drive the load differentially. This 
configuration yields higher tolerance to component variations that can improve timing-related 
efficiency but increases component count, It is also More suited in applications requiring 
additional control such as On/Off Key (OOK) modulation. In the second configuration, the 
ZVS inductor (Lzys) is shared between the two halves and are added together for a single 
inductor and, as a consequence, the ZVS capacitors (Czys.) can be eliminated, The differential- 
mode amplifier essentially doubles the Output power capability over the single-ended version 
when operating with the same load and supply voltage (Vpp). 


As in the case of the single-ended version, the device voltage rating is again the supply voltage 
(Vip). However, in some extreme and rare load conditions, it may be necessary to add some design 
margin, but no more than 25% if using the optimal layout [3.22] for voltage ringing. Again, the 
ZNS tank circuit does not carry any load current and will have very low operating losses, 


For this amplifier, the tuned coil RMS voltage across the series combination of Zion and Cs is 
approximately 0,9 times the magnitude of the supply voltage, This amplifier requires a level- 
shifting gate driver and therefore two LM5113s [3.23] can be used for driving eGaN FETS. 


[3.22] D. Reusch, J. Strydom, “Understanding the Effect of PCB Layout on Circuit Performance in a High Frequency Kec 
Nitride Based Point of Load Converter,” Applied Power Electronics Conference, APEC 2013, pp. 649-655, 16-21 March 2013. 


(3.23) Texas Instruments, “LMS113 5A, 100V Half-Bridge Gute Driver for Enhancement Mode GaN FE'Ts," LMS113 datasheet, 
Apr. 2013. [Online] Available: www.ti,com/producv/im$113 
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Wireless Power Amplifier Topologies Overview 


What is Needed to Design the Optimal Wireless 
Power Transfer Amplifier? 


Coil impedance range: 
+ Determines coil voltage and current for desired load power 
» Affected by DC load power range ; 


+ Depends on coupling factor between the source 
and device coils, or 


~ Design based on a standard, e.g., A4WP 


What is Needed to Design the Optimal Wireless Power Transfer Amplifier? 


Before an amplifier can be designed for wireless power transfer, some basic information on the 
overall system is needed, including the real component of the reflected (tuned source coil with 
device present) impedance range that the amplifier will need to drive. This information can be 
used to determine the coil voltage and current based on the specific load power required, which 
ultimately drives the design of the amplifier, 


The real component of the entire reflected impedance range should include the DC load 
variation and coupling changes between the device and source coils. Alternatively, a standard, 
such as the A4WP [3.24] that provides the real component of the reflected impedance range, 
can be used. 


23.24) 44H PTU Resonator Class 3 Design - Spiral Type 210-140 Series (PTU 3-0001), A4WP standard document RES-14- 
0008 Ver, 1,2, June 30, 2014, 
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Design of a Class E Amplifier 


Design of a Class E Amplifier 

The first amplifier design that we will c 
of the amplifier topologies due to its 
only three components need to bes 
capacitor (C,,) and, 3) the selection 
less critical and hence can be chose: 


Over is the single-ended class E. This is the most complex 
double resonant frequency structure. For this amplifier 
specifically designed: 1) the extra inductor (L,), 2) the shunt 


of a suitable switching device. The RF choke (Lar) value is 
n or designed, 


plifier have been derived by N, Sokal [3.25]. To simplify 
is set to infinity, which is a reasonable approximation 
have a specific reflected resistance (Rjo.q) Value that is 


[3.25] N.O, Sokal, “Class. RF Power Amplifiers," OEY, Issue 204, pp, 9-20, January/ February 2001. 
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Wireless Power Amplifier Topologies Overview 


Impact of Load Resistance on the Class E FET 


(Capacitance 


(Cons + Ga) 


Optimal Design 


Reoad_Design 


Rioag < Design Point 
Drives FET Voltage Rating 


Ricad = Design Point Rioag > Design Point 


Drives FET Coss Choice 


Impact of Load Resistance on the Class E FET 


The impact of reflected load resistance variation is significant to the performance of the class E 
amplifier, and must be carefully analyzed to select the optimal design resistance. 


When operating a class E amplifier with a reflected load resistance (Roa) that is below the 
design value (see the waveform on the left), the load tends to draw current from the am- 
plifier too quickly. To compensate for this condition, the amplifier supply voltage is in- 
creased to yield the required output power. The shorter duration of the energy charge cycle 
leads to a significant increase in the voltage across the switching device. This is needed to 
capture sufficient energy and results in device body diode conduction during the remainder 
of the device off period, This period is characterized by a linear increase in device losses as a 
function of decreasing reflected load resistance (Rroaa)» 


When operating the class E amplifier with a reflected load resistance (Rios) that is above the 
design value (see the waveform on the right), the load tends to draw insufficient current from the 
amplifier, resulting in an incomplete voltage transition. When the device switches there is a resid 
ual voltage across the device, which leads to Coss losses, This period in the cycle is characterized 
by an exponential increase in device losses as a function of increasing reflected load resistance. 


Given these two extremes of the operating reflected load resistance (Riou) the optimal point 
between them must be determined. In this case, the optimal point yields the same device losses 
for each of the extreme reflected load resistance points and is shown in the lower center graph, 
This optimal design point can be found through trial and error, or using circuit simulation, 
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Class E Amplifier Passive Component Design 


The class E amplifier passive component design starts with the reflected load impedance resistance 
value (Ry..s)- The reactive component of the reflected impedance Z;,.4 is tuned out using Cs, which 
also serves to block DC. It is a common mistake to ignore the need for the DC block, where a failure 


to do so can yield a DC current from the supply through to the coil, and lead to additional losses in 
several components in that path. 


First, using the equations in the figure, both the extra inductor (equation 2) and shunt capacitor 
(equation 3) values can be determined [3.26, 3.27]. The value of the shunt capacitor includes the 
Coss of the switching device, which must be subtracted from the calculated value to yield the actual 
external capacitor (C,,) value. To do this, first the magnitude of the supply voltage (Vpp) is calculated 
using equation 1, which in turn can be used to determine the peak device voltage (3.56 * Vpp) 


The RMS value of the peak device voltage is then used to determine the Cossq of the device at that 
voltage. This is the capacitance that will be deducted from the calculated shunt capacitor to reveal 
the external shunt capacitor (C,,) value, The Coss of the device can be calculated by integrating the 
Coss as a function of yoltage using equation 4, If the Cossq value is larger than the calculated shunt 
capacitance, then the design cannot be realized for the reflected load resistance specified and either a 
new device must be selected with lower Cossq, or the reflected load resistance (Rtoaa) must be adjusted. 


Finally, the choke (Lyy,,) can be designed using equation § and, in this case, a minimum ken ” 
specified. Larger values yield lower ripple current, which can lead to a more stable operating ampli 
A too-high value will lead to increased operating losses, 


its 
[3.26] M. Kazimierczuk, “Collector amplitude modulation of the class E tuned power amplifier,” IEEE Transactions on Circu 
and Systems, June 1984, Vol.31, No. 6, pp. 543-549, aad ny IEE 
(3.27) Z. Xu, H, Ly, Y. Zhang, Y. Zhang, “Analysis and Design of Class E Power Amplifier employing SiC aah 
International Conference on Electron Devices and Solid-State Circuits (EDSSC) 2009, 25-27 December 2009, pp 


Wireless Power Amplifier Topologies Overview 


Design of a Current-Mode Class D Amplifier 
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Design of a Current-Mode Class D Amplifier 


The current-mode class D amplifier is the next amplifier that will be discussed. It is the simplest 
of the amplifiers to design, as it only requires the design of a resonant tank circuit. This amplifier 
requires only three components to be specified: 1) the resonant inductor (L,.), 2) the resonant 
capacitor (C,,) and 3) suitable switching devices. The RF chokes (Larax) value are less critical 
and can be chosen or designed in a similar manner as for the class E amplifier. 


This amplifier design does not need to have a specific reflected resistance (Ri..a) Value to begin 
the design since the resonant tank circuit (L,, and C,,) appears in parallel with the resonant load 
circuit (C; and Z;,4). However, the quality factor (Q) of the resonant tank circuit should be 
high enough to overcome the reflected load resistance (Rioa) effects. The highest reflected load 
resistance in this case will drive the supply voltage (Vpp). 
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Current-Mode Class D Amplifier Passive Component Design 


As with other amplifiers, the current-mode class D amplifier passive component design starts with the 
reflected load impedance resistance (R,,4) value. However, in this case the reflected load impedance 
resistance (R,,.2) Value is directly related to the power output (Prod). 


First, the reactive component of Z;,.4 is tuned out using Cs, which serves as a DC block similar 
to the case with the class E amplifier. The reflected load resistance (Ross) can be used to calculate 
the required supply voltage (Vpp), using equation 1, for the amplifier. The balance of the design 
focuses on the resonant tank circuit (Ly, and C,), that is used to generate the coil voltage and can be 
calculated using equations 2 and 3, 


The basic design of this amplifier is well documented in the literature [3.28]. By selecting a specific 
quality factor (Q) value for the resonant tank circuit, the value of the resonant inductor and capacitor 
can be determined, It is important to select a Q factor greater than one. If Q factor of less than one 
is chosen, the losses in the inductor will become excessive and load variation will cause large shifts in 
resonant tank frequency, which will lead to increased device losses, 


The device Coss will appear in parallel with the resonant tank circuit capacitance (Cy) and needs t0 
be included in the calculation, The Cossq, using equation 4, is calculated in the same manner as for 
the class E case, but it is important to note that only one device is connected in parallel at any given 
time, and hence the Coss of only one device is ever added to the resonant tank circuit capacitance 
calculation, 


{3.28]D.K. Choi, “High efficiency switched-mode power amplifiers for wireless communications,” Ph.D. dissertation, Univers"Y 
of California, Santa Barbara, CA, March 2001. 
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Design of a ZVS Class D Amplifier 


Yoo 


Design of a ZVS Class D Amplifier 


The last amplifier design that will be covered is the ZVS class D. Here, only two components 
need to be designed, which are the ZVS inductor (Lzys) and the selection of suitable switching 
devices. The ZVS capacitor (Czys) value is less critical and can be chosen or designed to a specific 
voltage ripple. 


The ZVS class D amplifier is unaffected by reflected load resistance (Ripa) variation, as load 
current operates orthogonally to the ZVS tank circuit current. The highest reflected load 
resistance (Rj,,.q) will determine the highest operating voltage for the circuit, as well as the device 
voltage rating. The required supply voltage and transition time of the switch-node then deter- 
mines the design of the ZVS tank inductor, 
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ZVS Class D Amplifier Passive Component Design 


As im the case of the current-mode class D amplifier, the design of the ZVS class D amplifier 


d resistance (Rioas) Value and the required output Power (P,.,,). 
These parameters are used to calculate the required supply voltage (Vip), using equation 1, 


which is the same as for the traditional voltage-mode class D design (3.29, 3.30]. 
Using the required supply voltage, 
using equation 2, The voltage used 
same manner as the Previously disc 


suitable devices can be selected and their Cossq determined 


for Cossq is the supply voltage (Vpp), and is calculated in the 
ussed amplifiers, 


Next, a switch-node transition time (At,,) needs to be selected. A “too-long time” will degrade 
the performance of the amplifier with excessive effective duty cycle loss, and reduced immunity 
to imaginary reflected load impedance variations, A “too-short time” will increase operating 


and the ZVS inductor, The combination of both devices’ Cossey gate 


driver well Capacitance (C,.) (3.31], Operating frequency (f), and transition time is used to 
determine the ZVS tank ind 


uctance (Lzys) using equation 3, The gate driver well capacitance 
is included in the calculation, as it is typically of the same order of magnitude as the devices. 
[329] D.K. Choi, "High efficiency swi 


a : ications,” Ph.D, dissertation, Uni 

of California, Santa Barbara, CA, March 200), netten Fyfe tonics ing, Vol 
[3.30]S-A. Bl $oF ig ot high-eficiency RF class D power amplifier" IEEE Thensactlana on Power Elecronk. 

9, No. 3, May 1994, Pp. 297-308 soon.” Texas 
[3.31] N. Mehta, “Design Considerations for LM$113 GaN FET Driver During High-Frequency adempshy 
Instruments Application Report SNVA723, November 2014 [onic ] Available: ppd /an/snva723/snva723.pd 
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Wireless Power Amplifier Topology Overview Summary 


Amplifier | single-Ended Current-Mode owendabegs Single-Ended 


Voltage-Made 
Parameter Class € Class 0 Class 1VS Class D 


Gate Driver 
Requirement 
DC Supply to Coil 
RMS Voltage Gain 
Differential-Mode Yes 
Configurable 
TSusing Yes 
Resonance (Load ead 
Load Current in Yes 
Passives 


Wireless Power Amplifier Topology Overview Summary 


This table summarizes the differences between the various amplifier topologies presented. 


Looking at the number of FETs used in each of the topologies, the higher the FET count the 
higher the costs can add up even though eGaN FET costs for wireless power have come down 
dramatically and rival the cost of power MOSFETs of equivalent voltage and on-resistance 
rating. Also, the level shifting requirements for the gate driver can add cost if integrated solutions 
are not available. Based on these criteria, the class E can be considered a good choice. 


The DC supply voltage to tuned-coil RMS voltage gain is also given. A too-high gain will lead 
to high supply current with associated losses, and a too-low voltage gain will require high 
voltage to operate the amplifier. A correct balance will lead to lowest overall amplifier losses. 
This remains, however, an incomplete picture due to the impact of load variation that can shift 
losses, We will cover this in more detail later. 


Some of the topologies can be configured as differential mode versions. This can be used as an 
effective method to double the power capability in a simple step. 


Finally, resonance is used to establish zero voltage switching for some of these converters making 
them more susceptible to load variations, in particular where load current flows in those passive 
elements, In this case, the ZVS class D amplifier does not use resonance to establish ZVS or 
have load current in the ZVS circuit, making it much less susceptible to load variations as will 
be experimentally verified, 
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FET Selection for 
Highest Efficiency 


Use a Figure of Merit (FOM) for selecting devices: 
» Easy to compare technologies — GaN versus Silicon 


» Straightforward to use 
High frequency capability requires: 
+ Low gate capacitance 


+ Lowest practical drain capacitance 
~ No, or very low reverse recovery charge 


FET Selection for Highest Efficiency 


Having presented various wireless power transfer capable amplifier topologies, suitable devices 
for use with these amplifiers need to be selected. As discussed earlier, various technologies exist 
today and making the optimal choice for a transistor is very important. 


This choice should give the highest possible amplifier efficiency and maximize wireless power 
transfer performance. The simplest and quickest method for selecting the best power devices 
for use in a wireless power transfer application is a Figure of Merit (FOM) approach [4.1]. 
The FOM used should encompass as many of the required characteristics for a suitable switching 
device in this application as possible. These device characteristics include low gate capacitance, 
low drain capacitance and low, or no, reverse recovery charge. 


[4.1] D. Reusch, J. Strydom, “Evaluation of Gallium Nitride Transistors in High Frequency Resonant and Soft-Switching DC-DC 
Converters,” JEEE Applied Power Electronics Conference (APEC), \6-20 March 2014, pp. 464-470. 
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Figure of Merit for Evaluating FETs in y 


Power Transfer Applications Meless 


With a ZVS transition, device gate-drain Q,, charge is no 
MOSFET Qua is omitted as it leads to such high losses 
frequency operation is not possible 


Although G,; is “absorbed” in the matching network it js still 
important because it: , 


+ Drives off-resonance losses 
+ Determines design ability 


FOM wor = Rosion)* (Qo - Qep+ Qs) 


timpo 
that high ran 


Figare of Merit for Evaluating FETs in Wireless Power Transfer Applicat; , 
= Z 4 Atlons 

Figures of merit are typically used to quickly and simply compare various power devices based 

different technologies in various topologies [4.2]. This simple FOM tool can be ado Ms 


5 ees ted for wi 
power transfer applications, as well. Pred for wide 


All the topologies to be evaluated will be ZVS, due to the high frequency nature of the crc 
and ZVS being the only reliable low-loss mechanism available. These circuits will need to Br 
close to ZVS conditions to maintain device losses within reasonable limits, even when Operating off 
resonance and under non-ideal conditions, Since the device only switches at or near zero volts, the 
charge associated with gate-drain switching (Q¢p) is not significant and can be subtracted from the 
device's input charge (Qo). 


The magnitude of Coss is an important factor despite being absorbed into the matching circuits 1 
establish ZVS, as it drives off-resonance losses and design-ability of the amplifier, most notably for 
the class E amplifier. 


The reverse recovery of the silicon MOSFETs (Qar) is omitted as this condition leads to such high 
losses that high frequency operation is no longer possible. This is due to the reverse conduction prior 
toa hard switching event that includes full supply voltage Coss losses. 


Based on these assumptions the Wireless Power Transfer (WPT) figure of merit for the pire 
of transistors can be defined simply as the on-state resistance (Rosjoa) of the device multiplied : 4 
total gate charge (Qc) minus the voltage transition component (Qco) plus the output capac 
charge Qoss [4.3]. In other words: 

FOMypr = Rosion)* (QG - Qav+ Qoss) sing 
[42] D. Reusch, J. Strydom, “Evaluation of Gallium Nitride Transistors in High Frequency Resonat and Sof 
DC Converters,” IEEE Applied Power Electronics Conference (APEC), 16-20 March 2014, pp- 464-470, Ne FET aod 
[43] M. A. de Rooij, “Performance Comparison for A4WP Class-3 Wireless Power Complianes tee lie be 
MOSFET in a ZVS Class D Amplifier,” International Exhibition and Conference for Power Electron 


Renewable Energy and Energy Management (PCIM - Europe), May 2015. - 
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Why eGaN FETs for Wireless Power Transfer? 


Why eGaN FETs for Wireless Power Transfer? 
eGaN FETs make ideal switching devices for use in wireless power transfer due to the following 
characteristics: 

¢ Low input capacitance (Css) and low output capacitance (Coss) 

« Zero reverse recovery charge (Qa) 

Low on-state resistance (Ros(on)) 


which lead to higher amplifier efficiency and help 


These characteristics ensure low operating losses, 
II footprint and are low profile, 


keep EMI generation low. In addition, these FETs have a very sma’ 
which are important for mobile applications. 

There are many gate drivers now available that specifically target eGaN FETs. For example, 
lowing are drivers from Texas Instruments: 


* LM5113 [4.4] - 100 V capable half-bridge gate driver 


¢LM5114 [4.5] - single gate driver 
* UCC27611 [4.6] - single gate driver with internal voltage regulator 


fy the design as they have been optimized for use with eGaN 
d board area. 


the fol- 


These gate drivers significantly simpli 
FETs, thus reducing overall system component count an 


eGaN FETs exhibit high dv/dt immunity, which means that regardless of the magnitude of dv/det 
across the drain to source, the gate voltage will never exceed the threshold (Vz) and cause unwanted 


turn-on of the device. 


[44] Texas Instruments, “SA, 100V Half-Bridge Gate Driver for Enhancement Mode GaN FETS,” LM5113 datasheet, June 2011 
[Revised April 2013}. {Online] Available: htipi/wwwti.com/ivds/symlink/m5| I3.pdt 

[4.5] Texas Instruments, “Single 7.6A Peak Current Low-Side Gate Driver,” LMS1 
2013), [Online] Available: http/Avww.ti.convii/ds/symlink/ImS114.pdf 

{4.6 Texas Instruments, “4A/6A High-Speed 5-V Drive Optimized Single Gate Driver,” UCC27611 datasheet, Dec 2012, 
{Online} Available: htp:/www-ti.comi/li/ds/symlink/ucc2761 1 pat 
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Discrete Low Voltage eGaN FETs Evaluated in Wireless Power 

Thistableshows the basic device parameters forsome of the low voltage, ultra-low on resista neeeGaN 
FETsottered by EPC.eGaN FETsareavailablein waferchip-scale packageand LandGrid Array(LG4) 
withsolder bumps on the bottom side of the device. This chip-scale package is possible dueto the FETs 
lateral structure. For the large devices, the source and drain are interleaved to keep inductance low, 


Difterent wireless power transfer topologies and power levels will have different device requirements, 
As examples, the EPC2012 [4.7] has been successfully tested in class E up to 30 W load power 
{4-8}-{4.11] and the EPC2014 [4.12] and EPC2007 [4.13] have been successfully tested in both the 
tradimional voltage-mode class D up to 15 W load power [4.14, 4.15] and the ZVS class D up to 


37 W load power [4.9, 4.10, 4.16]. The EPC2016 [4.17] has been tested successfully in the current: 
mode class D up to 38 W load power [4.10]. 


[4.7] Efficacnt Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2012 datasheet, Aug 2011 [Revised Oct 
2012}. [Online] Available: hutp2/epe-co.com/epe/documents/datasheets/EPC2012_datasheet.pdf 
[4.8] A. Ladow, “How to GaN: eGaN* FETs for High Frequency Wireless Power Transfer,” EEWeb: Power Developer Magazine, PO 
4-9, January 2013 
[4.9] A. Lidow, M.A. de Rooij, “Performance Evaluation of Enhancement-Mode GaN transistors in Class-D and Class-E Wireless Powet 
Transier Systems,” Bodo 's Power Systems, May 2014, pp. 56-60. al 
{4.10} M. A. de Rooij, “eGaN* FET based Wireless Energy Transfer Topology Performance Comparisons,” International ere 
Conterence for Power Electronics, Intelligent Motion, Renewable Energy and Energy Management (PCIM Europe), May 2014, pp- pee 
{4.11} M.A. de Rooij, “Performance Evaluation of eGaN* FETs in Low Power High Frequency Class E Wireless Energy vo (Pcl 
yemper ir a Conference for Power Electronics, Intelligent Motion, Renewable Energy and Energy Manageme 
ia), June Pe 
ised 

{4.12} Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2014 datasheet, Aug 2011 [Revised Ju 
2013). [Online] Available: hutp://epe-co.convepe/documents/datasheets/EPC2014 datasheet pdf ised July 
[4.13] Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2007 datasheet, Sept 2011 [Re 
2013). [Online] Available: /hup://epe-co.com/epe/Products/eGaNFETS/EPC2007.aspx ies Technolog 
=e My Roel J.T. Suydom, “eGaN* FET- Silicon Shoot-Out Vol. 9: Wireless Power Converters,” Power Electronics 

22-27, = aa ee 
[4.15] M.A. De Rooij and J.T. Suydom, “eGaN* FETs in Low Power Wireless Energy Converters,” Electro-Chemical Socie 
7 Th Vol. $0, No. 3, pp. 377-388, October 2012. » pEWeb: Pulse Magen’ 

; Lidow, “How to GaN: Stable and Efficient ZVS Class Energy Transfer at 6.78 MHz, : 
Issue 126, pp. 24-31, July 2014, ae P Wetiew, x 1B revised 
{4.17) Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2016 datasheet, Sept 20 
2013). {Online} Available: bup/epe-co.convepc/documents/datasheets/EPC2O16. dauchect pa 
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Ultra-High Frequency eGaN FETs Evaluated in Wireless Power 


This table shows the basic device parameters for the ultra-high frequency eGaN FET products 
offered by EPC. As with the low voltage, low on-resistance discrete products, these devices are available 
in Land Grid Array (LGA) chip-scale package with solder bumps on the bottom side of the device. 


Due to the very high frequency capability of these devices, a separate gate return has been provided that 
limits the common source inductance (CSI) to within the device. The Miller ratio of these devices is such 
that they exhibit full dv/dt immunity [4.18]-[4.20] over the entire rated voltage range. These FETs have 
their drain and gate circuits orthogonal to each other to further reduce coupling between those circuits. 


The EPC8009 [4.21] and EPC8010 [4.22] have been successfully tested in the ZVS class D topology up 
to 37 W load power [4.23]-[4.25], and the EPC8009 and EPC8004 [4.26] have been implemented in a 
ZVS class D topology operating at 13.56 MHz [4.24]. 


[4.18] A. Lidow, J, Strydom, M. de Rooij, D. Reusch, GaN Transistors for Efficient Power Conversion. Second Edition, Wiley, 
ISBN 978-1-118-84476-2, chapter 3.4, 


[4.19] A. Lidow, J. Strydom, D. Reusch, “GaN ~ Moving Quickly into Entirely New Markets,” Power Electronics Europe, Issue 
4, June 2014, pp 28-31, 


[4.20] 7. Wu, “Cdv/dt induced turn-on in synchronous buck regulators,” white paper, International Rectifier Corporation, 


(4.21) Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC8009 datasheet, Sept.. 2013 
[Revised Feb, 2015], {Online} Available; http://epe-co.com/epc/documents/datasheets/EPC8009_datasheet, pdf 


(4.22) Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC8010 datasheet, Dec.. 2013 
[Revised Jan, 2015], [Online} Available: http://epe-co.com/epe/documents/datasheets/EPC8010_datasheet.pdf 


{4.23] A. Lidow, “How to GaN: Stable and Efficient ZVS Class D Wireless Energy Transfer at 6.78 MHz,” EEWeb: Pulse 
Magazine, Issue 126, pp. 24-31, July 2014. 

{4.24] [Online] Available: hitp:/epe-co.com/epe/documents/datasheets/EPC8009_datasheet,pdf 

{4.25} {Online} Available: http:/epe-co.com/epe/documents/datasheets/EPCB010_ datasheet pdt 

(4.26) Efficient Power Conversion Corporation, ‘Enhancement Mode Power Transistor,” EPC8004 datasheet, Sept. 2013 
[Revised Jan, 2015}, (Online) Available: hitp://epe-co.com/epe/documents/datasheets/EPC8004, datasheet pdf 
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Introducing eGaN Integrated Circuit for Wireless Power 


With the release of the EPC2100 half-bridge eGaN FET {4.27}, EPC has demonstrated the ability 
for eGaN FETs to be monolithically integrated. Integration not only improves performance but 
reduces component count and hence cost. In addition, monolithic components simplify layout 
These benefits become more apparent in applications requiring higher operating frequencies, suc 
as wireless power transfer. 


Furthermore, traditional half-bridge gate drivers make use of a bootstrap diode circuit to provide 
power to the upper FET [4.28]. This concept works well until the frequency of operation becomes 
very high as is the case of wireless power. Gate drivers suitable for high frequency operation 
typically have the bootstrap diode integrated into the gate driver IC, and due to process limitation, 
this diode will have a significant reverse recovery charge. This reverse recovery charge induces loses 
in the upper FET, which can become significant at 6.78 MHz. To overcome this high frequen) 
limitation, the bootstrap diode is replaced with an integrated eGaN FET that does not have pe 
recovery charge, and implemented in the manner shown above on the left. The benefits of using the 
synchronous bootstrap FET have been documented in detail [4.29] and was the logical next spe 
be integrated monolithically with the half-bridge shown above on the right. 


{427] Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2100 datasheet, Aug. 204 one 
Available: http://epc-vo.convepe/documents/datasheets/EPC2 100_datasheet.pdf June 20h 
{4.28] Texas Instruments, “SA, 100V Half-Bridge Gate Driver for Enhancement Mode GaN FETS,” LMS113 datashees 
{Revised April 2013) (Online) Available; htip:/www.ti-convlidds/symlink/ImS113.pd eT ani MOSEL 
{425] M.A. de Roo, "Perfomance Comparison for ASP Cass Wireless Power Compliance between CaN FTA yao 
ina ZVS Class D Amplifier,” Intemational Exhibition and Conference for Power Electronics, Intelligent Motion. 

Energy Management (PCIM - Europe), May 2015, 
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eGaN FETs and SCs Targeting Wircless Power Applications 

This table shows the basic device parameters for EPC’s newest eGaN FETs and integrated circuits that 

are available in wafer chip-sale package and Ball Grid Array (BGA) with solder bumps on the bottom 

| side of the device. The discrete EPC2036 [4.30] and EPC2037 [4.31] are capable of operating in several 
wireless power topologies, such as parallel-mode class E (4.32), current-mode class D and ZVS class D. 


| The benefit of including a synchronous bootstrap FET to the circuit of a half-bridge topology is so 
beneficial [4.33] that it is included in the 100 V rated EPC2107 [4.34] and 60 V rated EPC2108 [4.35] 
eGaN half-bridge ICs targeting wireless power applications. The EPC2107 was designed specifically 
targeting the A4WP class 2 source in a half-bridge ZVS class D topology, and is optimized to yield 
the highest possible amplifier efficiency. The EPC2108 was designed specifically targeting A4WP the 
class 3 source in a differential-mode ZVS class D topology and optimized to yield the highest possible 
amplifier efficiency, 


[4.30] Efficient Power Conversion Corporation, “Enhancement hs Power Transistor,” EPC2036 datasheet, Apr. 2015 {Online} 
Available: hitp://epe-co,com/epe/documents/datasheets/EPC2036_datasheet.pdf 

me Me :fficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2037 datasheet, Apr. 2015 [Online] 
Available: http://epe-co.corn/epe/documents/datasheets/EPC2037_datasheet. pdf 

‘3 32) A, Grebennikoy, “Load Network Design Techniques for Class E RF and Microwave Amplifiers,” High Frequency 

Jectronics, vol, 3, pp 18-32, July 2004 eines 

4.33] M.A. de Rooij, “Performance Comparison for AAWP Clase 3 Wire Power Complies Soto NE 
" “4 Intelligent Motion, 


OSFET in a ZVS Class D Amplifier,” International Exhibition ference for Power Electronics, 
Renewable Energy and Energy Management (PCIM - Mee) May 213. 
(4.34) f 4 ficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2107 datasheet, Jul. 2015 (Online) 
Available: http://epe-co.com/epe/documents/datasheets/EPC2107_datasheet 
14.35) Efficient Power Conversion Corporation, “Enhancement Enhancement Mode Power Transistor,” EPC2108 datasheet, Jun. 2015 {Online} 
Available: hitp://epe-co.com/epe/documents/datasheets/EPC2108_datasheet.pdf 
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FOMwer = Rosiony* (Qe — Qo + Oss) 
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Device Comparison 


Using the wireless power FOMypr for the FETs, 
eGaN FETs in the various amplifier topologies, 


First, an eGaN FET (EPC2012) [4.36] will be com 
class E amplifier. Both devices are rated at 200 V and ha 
9 comparison to other loss contributors, Th: 
at 175 mQ Based on gate charge only, 


we can compare the best-in-class MOSFETs against 


pared against a FDMC2610 [4.37] in a 
ve similar Coss. Losses due to Rosioa) are low 
1 Rsjon) Of the eGaN FET is 70 mQ versus the MOSFET 


it can be seen that the difference in expected performances 
very large at 23.4 times and the eGaN FET barely shows on the comparison graph. Including the Qos 


component, the total FOMypr is 3.2 times lower than the MOSFET, and indicates that the eGaN FET 
will yield superior performance in a class E topology. 


Next, an EPC2016 [4.38] will be compared against an FDMC86102L [4.39] in a eae 
class D amplifier. Both devices are rated at 100 V and have similar Coss. The Rosen) Of the bs : ice in 
12 mO versus the MOSFET at 25 mQ. Based on gate charge only, the expected se se lower 
Performance is large at 3.6 times, Including the Qoss component, the total FOM wer is 2.3 tin 

than the MOSFET, again making the eGaN FET a clear choice, 


eee” 


FET Selection for Highest Efficiency 
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pevice Comparison - continued 


the EPC2107 {4.40} and EPC2108 [4.41] will be evaluated against an FOMC86116LZ 

ZVS class D amplifier. Both the EPC2107 and MOSFET devices are 100 V rated and 
(442 ite is 60 V rated. The Rison Of the EPC2107 at 240 mQ is more than double that of the 
the ths 1108 mQ and the EPC2108 at 150 mQ is 50% higher. This is due to the eGaN FETs being 
pred wireless power over a wide impedance operating range. In this amplifier, Qu» losses 
: os stant when the amplifier is operating off resonance, but since the eGaN FET has zero Qu. 
a = sine to further differentiate GaN FETs from MOSFETs. Even excluding the impact of 
= : ‘ oe expected performance differential is again large at 4.7 times for the EPC2107, and 5.2 
— eat EPC2108, based on gate charge only. Including the Qoxs component, the total FOMsr 
my ames lower for the EPC2107, and 4.3 times lower than the MOSFET, making the eGaN FET 


the best choice. 


Lastly, 


[4.36] Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2012 datasheet, Aug 2011 [Revised 
Oct 2012]. [Online] Available: http:/epe-co.com/epo/documents/datasheets/EPC2012_ datasheet pat 


(4.37) Fairchild, “200V N-Channel UltraF ET Trench MOSFET,” FDMC2601 datasheet, Sept 2014 [Rev. C3}, [Online} Available: 

hntpsi/ www fairchildsemi,com/datasheets/FD/FDMC2610,pat 

{4.38} Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2016 datasheet, Sept 2013 [Revised 

Sept 2013}. {Online} Available: http://epe-co.convepe/documents/datasheets/EPC2016_datasheet,pat 

(439) Fairchild “N-Channel Shielded Gate PowerTrench® MOSFET,” FDMC86102L datasheet, June 2014 [Rev. C4}, Fainhik 

(Online Available: hips/wwwfirchildsemiconvdatasheets/FD/FDMC86|02L pa 

{440} Efficient Power Conversion Corporation, “Enhancement Mode Power Transistog” EPC2107 datasheet Jul, 2015 [Onlin] 

Available: htp://epe-co.convepe/documents/datasheets/EPC2107_ datasheet pdf 

ae Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2108 datasheet, Jun, 2015 (Online) 
Nalable: hp /epe-co,com/epe/documents/datasheeisEPC2108. datasheet pf ; 

pe Fairchild, “N-Channel Shielded Gate PowerTrench* MOSFET,” FDMC8616LZ datasheet, Nov 2013 [Rev. C2}. [Online] 
"alle: htps:/vwsirchildsemi.convdatasheets/FD/FDMCR6116LZ pl 
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CHAPTER 5: 
Wireless Power 


Transfer — Experimental 
Verification 


WiTricity® coil set 
On-resonance operation 


Comparison of amplifier performance 


Impact of load variation 


Wireless Power Transfer - Experimental Verification 


Now that the various amplifier topologies and suitable devices have been presented, the next 
step will be to evaluate those amplifiers and devices in experimental wireless power transfer 
systems. Initially this will be done using a WiTricity® designed coil set [5.1]. The system will be 
tested with the coil set tuned to be on-resonance only (Off-resonance operation will be discussed 
in Chapter 7.) 


Each of the amplifiers will be used to drive the coil set and the overall performance compared. 
The same coil set will be used in each case to limit variations in performance to the amplifiers 
only, In addition, the impact of load variation on the performance of the system will be investi- 
gated as part of this practical product implementation evaluation, 


[5.1] Witticty Corp. coil set part numbers 190-000037-01 and 190-000038-01. [Online] Available; wwwawitricity,com 
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Wireless Power Transfer Experimental Setup 


The WiTricity experimental coil set [5.2], together with the load unit is shown here. This coil 
set has three boards, namely; a source coil (transmit coil) with coil tuning [5.3], a device coil 
(receive coil) with coil tuning [5.3], and a device board (rectifier and load). The device load 
board can be pre-set using discrete steps to a DC load resistance range from 14 Q through 
47 Q. A maximum DC load resistance, which is the lightest load setting, is required. Note 
that too-high of a load resistance will result in over-voltage, whereas load resistance that is 
too low will result in over-current and poor energy transfer efficiency. The device employs a 
full-bridge Schottky diode rectifier for simplicity. 


[5.2] Witricty Corp. coil set part numbers 190-000037-01 and 190-000038-01. [Online] Available: www.witricity.com 
[5.3] D. M. Pozar, Microwave Engineering, Third Edition, J. Wiley, 2005, 
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on-Resonance Performance Testing Overview 


rests performed: 
. Peak Performance — fixed load resistance, variable supply voltage 
. Load Variation — fixed supply voltage, variable DC load resistance 


Load Regulation — fixed DC load voltage, variable supply voltage, 
and variable DC load resistance 


Results reported: 


» Full System Efficiency — reported from DC input (Vpp) to 
DC output (Vocioad) 


| On-Resonance Performance Testing Overview 
Various tests need to be performed to properly evaluate a wireless power transfer system. These 
tests target specific characteristics of the wireless energy system and potential application operating 
conditions. 
In this setup, the source and device coils are tuned on-resonance at the design load point, and the tun- 
ing remains fixed. Note that the tuning is never re-adjusted during the tests. In these tests, the target 


DC load resistance is set to 23.6 2 DC, and the device coil is centrally placed 25 mm above the source 
coil. The coils must not come closer than four inches from any solid metal surface. 


Tests that will be discussed are: 


* Peak Performance Testing - A fixed load setting and a variable supply voltage to the amplifier 
were used, This test measures the optimal performance, or highest potential transfer efficiency 
of the amplifier and the system. The results of this test are used to compare devices and topol- 
ogies under ideal operating conditions. 


Load Variation Testing — A fixed supply voltage to the amplifier was used to determine the effect 
of varying load current on the performance of the system. In such systems, the device could use 
Post regulators to yield a fixed output voltage. 


Load Regulation Testing - With a fixed-load voltage, this test emulates systems designed with 
Output voltage regulation. This test operates the wireless system in the inverse function of its 
inherent load variation characteristic, making it an aggressive test to perform. Load regulation 
testing may be required in some cases to meet the severe power dissipation budget limits placed 
on such systems, 


i Teported efficiency measurements are for the complete system, from the DC input (Vpp) to the 
Output (Vocigai), and includes power consumption from overhead circuits, 
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Experimental Class E Amplifier 


This photo shows the experimental single-ended class E amplifier that was built using the 
200 V rated EPC2012 [5.4] eGaN FETs and LMS113 [5.5] gate driver operating at 5 V. The 
experimental unit does not have a full controller, but instead is driven by a fixed frequency and 
duty cycle external oscillator. 


The amplifier was designed for optimal operation with a DC load resistance (Rocim:) of 
20.2 Q. For this design, the external shunt capacitor (C,,) needed was 167 pF and was placed 
next to the device for minimal inductance in the path between those components. The extra 
inductor (L,) required was 390 nH. This extra inductor was placed on a separate external board 
equipped with a connection to the source coil. The RF choke selected has a large inductance of 
150 pH to ensure a stable current source for the amplifier, 


isd 
{54] Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor” EPC2012 datasheet, Aug 2011 IR 
Oct 2012]. [Online] Available: http://epe-co.convepe/documents/datasheets/EPC201 2_datasheet.pdt June 201! 
{5.5] Texas Instruments, “SA, 100V Half-Bridge Gate Driver for Enhancement Mode GaN FETs," LMS113 datasheet 
[Revised April 2013). {Online} Available: htip:/www.ti convivds/symlink/ImsI13,pdf 
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Class E Results — Peak Performance 


First, the peak performance efficiency results for the class E amplifier are presented, The results 
show that under optimal operating conditions, using a DC load resistance (Rito) of 20.2 0, 
the system has a high conversion efficiency that exceeds 80% above 11 W load power, 


The efficiency calculation is DC IN to DC OUT. The output power was varied by adjusting the 

input DC supply voltage (Vpp) to the amplifier with a maximum of 28 V and, by doing so, the 
| delivered power reached 29 W, Also included is the gate driver power consumption (Py), Which 
| 1Saround 78 mW, 
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Class E Results — Load Variation 
Load variation efficiency results for the class E amplifier are presented, For this test the amplif 
was operated with a fixed supply voltage (Vpp) of 20 V, and the DC load resistance (Roctosd) 
varied from 14 © through 47 Q in discrete steps. The peak of the curve at a DC load n 
(Rocisaa) Of 20.2 Q shows the design point where the amplifier is operating at its opti 
load resistance (Rpcioag) point. , 
The efficiency calculation is DC IN to DC OUT and includes gate driver power consui 
The graph also shows the impact of load yariation on the performance of the amplifier, 
as the ability of the system to deliver power that decreases beyond the optimal operati 
DC load resistance (Rpcioas) Tesistance, . 

Above the optimal design DC load resistance (Rocio) point, the amplifier 
dominated by diode conduction losses due to the reduced energy transition cy 
of the ampli This tgion is characterized by a linear reduction 
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Class E Results — Load Regulation 


Load regulation efficiency results for the class E amplifier are presented. For this test the amplifier 
was operated with a fixed load voltage of 15 V and the supply voltage adjusted according to 
the DC load resistance (Rpctoaa) setting, which was varied from 14 Q through 47 Q in discrete 
steps. The peak at DC load resistance (Rpctos) Of 16 Q shows that the design point where the 
amplifier is operating at its optimal point, which has shifted to a lower DC load resistance 
(Rocims) Value than the optimal design point. This shift is the result of the output power 
being forced to operate to a specific point due to the load regulation mode of operation. 
The indication is that operating the system in load regulation mode is more severe than under load 
variation conditions. The efficiency calculation is DC IN to DC OUT and includes the gate 
driver power consumption. 


Again, as in the case of load variation tests, above the optimal DC load resistance (Roctos) 
operating point the amplifier operation is dominated by diode conduction losses, which is due to 
the reduced energy transition cycle operation. This region is characterized by a linear reduction 
In system efficiency with increasing DC load resistance (Rpctoa), that is, decreasing reflected 
load resistance (Rima). 


In a similar way to the variation tests, below the optimal DC load resistance (Rycio) operating 
Point the amplifier operation is dominated by Coss losses, due to the incomplete energy transition 
cycle Operation. This region is characterized by the exponential reduction in system efficiency 
with decreasing DC load resistance (Rpctos) that is increasing reflected load resistance (Rio): 
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Class E Results — Load Regulation 

Load regulation efficiency results for the class E amplifier are presented. For this test the amplifier 
was operated with a fixed load voltage of 15 V and the supply voltage adjusted according to 
the DC load resistance (Rpciosa) setting, which was varied from 14 Q through 47 Q in discrete 
steps, The peak at DC load resistance (Roctosd) of 16 Q shows that the design point where the 
amplifier is operating at its optimal point, which has shifted to a lower DC load resistance 
(Rociag) Value than the optimal design point. This shift is the result of the output power 
being forced to operate to a specific point due to the load regulation mode of operation. 
The indication is that operating the system in load regulation mode is more severe than under load 
variation conditions. The efficiency calculation is DC IN to DC OUT and includes the gate 


driver power consumption. 

Again, as in the case of load variation tests, above the optimal DC load resistance (Roctoad) 
Operating point the amplifier operation is dominated by diode conduction losses, which is due to 
the reduced energy transition cycle operation. This region is characterized by a linear reduction 
in system efficiency with increasing DC load resistance (Roctoss), that is, decreasing reflected 
load resistance (Rina). 


In @ similar way to the variation tests, below the 
Point the amplifier operation is dominated by Coss 
Cycle operation. This region is characterized by the ex; 
With decreasing DC load resistance (Rocuad) that is increasing 


optimal DC load resistance (Roctoss) Operating 
losses, due to the incomplete energy transition 
ponential reduction in system efficiency 
ing reflected load resistance (Rious)> 
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Class E Results - Thermal Performance 
The thermal performance of the class E amplifier operating at maximum load power of 29 W 


into a DC load resistance (Rocuasa) Of 20.2 2 is shown here. There is no heatsink and no forced 


air cooling and the circuit was operating in a 25°C ambient. The gate driver is the hottest 
component on the board yet is well below any commercial temperature limit. 
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Experimental Current-Mode Class D Amplifier 


This photo shows the current-mode class D amplifier that was built using 100 V rated EPC2016 
[5.6] eGaN FETs and a LM5113 [5.7] gate driver operating at 5 V. The system does not have a 
full controller, but instead is driven by a fixed frequency and duty cycle external oscillator. The 
amplifier was designed for optimal operation with a DC load resistance (Roctos) of 23.6 Q. 
Also, a parallel tuning capacitance (C,,) of 3 nF, and an inductance (L,,) of 160 nH were used 
for this design. The choice of RF choke is based on the required ripple specification and minimal 
impedance impact to the circuit. In this design, a value of 10 pH was chosen for each choke. 


[4 brid Pi ‘ower Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2016 datasheet, Sept 2013 [Revised 

(57) }. {Online} Available: htp://epe-co,com/epe/documents/datasheets/EPC20 16_datasheet,pdf 

Revaerh ls, “5A, 100V Half-Bridge Gate Driver for Enhancement Mode GaN FETS,” LMS113 datasheet, June 2011 
April 2013}, (Online) Available: http:/www.ti.convlivds/symlink/Im5113,pdf 
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Current-Mode Class D Results - Peak Performance 

Peak performance efficiency results for the current-mode class D amplifier are presented. 
The results show that under optimal operating conditions using a DC load resistance (Rociad) 
of 23.6 Q, the system exhibits a high conversion efficiency that exceeds 80% above 12 W load 
power. : 

The efficiency calculation is DC IN to DC OUT and includes gate driver power consumption. 
The ourput power was varied by adjusting the input DC supply voltage (Vpp) to the amplifier 
with a maximum of 10.5 V, and the delivered power reached 38 W. Also included is the gate 
driver power consumption, which is around 340 mW, 
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Current-Mode Class D Results — Load Variation 


Load variation efficiency results for the current-mode class D amplifier are presented. For this 
test, the amplifier was operated with a fixed supply voltage of 6.2 V, and the DC load resistance 
was varied in discrete steps from 14 Q through 47 Q. The peak efficiency, located at a DC load 
resistance (Roctoas) Of 27.5 Q, shows the point at which the system is operating at its optimal point. 


The efficiency calculation is DC IN to DC OUT and includes gate driver power consumption. The 
graph also shows the impact of load variation on the performance of the amplifier and the ability 
of the system to deliver power, It is notable that unlike the class E amplifier, the current-mode 
class D amplifier operates well with the natural characteristic of the coil set where the output power 
capability improves with increasing DC load resistance (Rocio), Which is the same as decreasing 
reflected load resistance (Ripa). 


Above the optimal DC load resistance (Roctosd) point, the amplifier operation is dominated by 
an increase in load inductance, and an associated shift in resonance that causes a decrease in 
Conversion efficiency, Below the optimal point, the amplifier operation is dominated by an increase 


in load Capacitance, and an associated shift in resonance that causes a decrease in conversion 
efficiency, 


Thus, Performance of the current-mode class D amplifier is dominated by the performance of the 
Coil set, The Output power was only limited by the output voltage capability of the rectifier at 40 V, 
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Current-Mode Class D Results — 


mode class D amplifier is Presented. For this 
d voltage of 18.8 V and the supply voltage 
Roctoa) setting, which was varied from 14.Q 
DC load resistance (Roc1ma) of 21 Q, shows the 
timal point, It is notable how that point shifted 
de from load variation to load regulation. This is 
te at a specific point. The efficiency calculation is 
ower consumption. The graph shows the impact 
amplifier, which again is more severe than undet 


. int 
As before, in the case of load variation tests above the optimal DC load resistance (Roos! PO" 


. i 
the amplifier operation is dominated by an increase in load inductance, and an ep 
in resonance that Causes a decrease in conversion efficiency, Again, as in the us e + 
tion tests, below the optimal point the amplifier operation is dominated by % pein 
Capacitance and associated shift in resonance that causes a decrease in conversion € 
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Current-Mode Class D Results - Thermal Performance 


The thermal performance of the current-mode class D amplifier is presented here when operating at 
maximum load power of 37.8 W into a DC load resistance (Ryctms) Of 23.6 2. There is no heatsink 
and no forced air cooling and the circuit was operating in an ambient temperature of 25°C. The 
resonant inductor is the hottest component on the board due to the high magnitude of the current 
needed to establish resonance, 
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Experimental ZVS Class D Amplifier 


This photo shows the experimental ZVS class D amplifier that was built using two 65 V 
EPC8009 [5.8] eGaN FETs, and an LM5113 [5.9] gate driver operating at 5 V using a mod- 
ified EPC9029 evaluation board [5.10]. The experimental unit does not have a full controller 
but instead is driven by a fixed frequency and duty cycle external oscillator. The amplifier was 
designed for optimal operation with a DC load resistance (Rpctoaa) of 23.6 &. A ZVS inductor 
of (Lzys) of 500 nH, and capacitor (Czys) of 1 pF were used for this design, both of which were 
placed on an external board that was connected to the source coil. The external board also 
served as a connection from the amplifier output to the source coil. 


vised 
[5.8] Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC8009 datash ssl ? 
Sept 2014}. [Online] Available: http://epc-co.com/epe/documents/datasheets/EPC8009_datasheet.pdf datasheet, ne 2! 
{5.9} Texas Instruments, “5A, 100V Half-Bridge Gate Driver for Enhancement Mode GaN FETs,” LM5113 2 
[Revised April 2013). [Online] Available: http://www.ti,conv/lit/ds/symlink/Im5113.pdf 
[5.10] [Online] Available: http://epc-co.com/epe/Products/DemoBoards/EPC9029.aspx 
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ZVS Class D Results - Peak Performance 

Peak performance efficiency results for the ZVS class D amplifier are presented. The results show 
that under optimal operating conditions using a DC load resistance (Roctosd) of 23.6 Q, the sys- 
tem exhibits a high conversion efficiency exceeding 80% above 8.4 W load power. Note that this 
was the lowest power level to exceed the 80% mark of all the amplifiers tested. 


The efficiency calculation is DC IN to DC OUT. The output power was varied by adjusting the 
to the amplifier with a maximum of 50 V, and the delivered 


input DC supply voltage (Vpp), 
sumption, which is around 


power reached 36 W, Also included is the gate driver power con 
150 mW. 
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ZVS Class D Results —- Load Variation 
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Load variation efficiency results for the ZVS class D amplifier are presented above. For this test, 
the amplifier was operated with a fixed supply voltage of 32.5 V and the DC load resistance 
(Rocioas) Was varied in discrete steps from 14 Q through 47 Q. The peak efficiency, located at 
a DC load resistance (Rocio) of 30 Q, shows the point where the amplifier is operating at its 
optimal point. The efficiency calculation is DC IN to DC OUT, and includes gate driver power 


consumption. The graph shows the impact of load variation on the performance of the amplifier 
and ability of the system to deliver power. 


Again, it is notable that in the same manner as the current-mode class D amplifier, the 
ZVS class D amplifier operates well with the natural characteristic of coil set, where the output 
power capability improves with increasing DC load resistance (Rocio), which is the same # 
decreasing reflected load resistance (Ryoaa). 


«+e dominated 
Above the optimal DC load resistance (Roctoss) point, the amplifier operation a eee 
by an increase in load inductance and associated shift in resonance that causes a 
conversion efficiency, fominated 
Below the optimal DC load Fesistance (Rocima) point, the amplifier operation se eis 


by an increase in load capacitance and associated shift in resonance that causes 4 °°" 
conversion efficiency, ’ 


The performance of the ZVS class D amplifier is dominated by the performance oF 
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ZVS Class D Results - Load Regulation 


Load regulation efficiency results for the ZVS class D amplifier are shown above. For this test, 
the amplifier was operated with a fixed load voltage of 18.8 V and the supply voltage (Vpp) 
adjusted according to the DC load resistance (Rpctoaa) Setting. This DC load setting (Rpctoas) Was 
varied in discrete steps from 14 Q through 47 . The peak at a DC load resistance (Rpctows) of 
23.6 Q shows the point where the amplifier is operating at its optimal DC load resistance 
(Rosas) point. It is notable how that point shifted down as a result of the change in operating 
mode from load variation to load regulation. This shift is due to the output power being forced 
to operate at a specific point, as it did when using the current-mode class D amplifier. 


The efficiency calculation is DC IN to DC OUT, and includes gate driver power consumption, 
The graph also shows the impact of load regulation on the performance of the amplifier, which 
is more severe than under load variation conditions. 


As in the case of load variation tests, above the optimal DC load resistance (Roctoas) point 
the amplifier operation is dominated by an increase in load inductance, and associated shift in 
"sonance that causes a decrease in conversion efficiency. Likewise, as in the case of load 
Variation tests, below the optimal DC load resistance (Rpciosa) point the amplifier operation is 
dominated by an increase in load capacitance, and the associated shift in resonance that causes 
a decrease in conversion efficiency, 
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1VS Class D Results — Thermal Performance ) 


Poy = 36 W into 23.6 0 


ZVS Class D Results - Thermal Performance 

The thermal performance of the ZVS class D amplifier operating at the maximum load power 
of 36 W into a DC load resistance (Rpctoas) Of 23.6 Q is shown. There was no heatsink and no 
forced air cooling and the circuit was operating in a 25°C ambient temperature environment. 
Similar to the class E case, the gate driver is the hottest component, but is still at temperatures 
below acceptable commercial limits. 
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Topology Comparison — Peak Performance 


With the various amplifier topologies having been tested under three different conditions, the 
results can be compared, First, the peak performance efficiency results are presented for each of 
the three amplifiers tested, and include a fourth amplifier, the traditional voltage-mode class D 
designed to operate above resonance. 


All amplifiers were tested using the same DC load condition. It is clear from the test results that 
Operation above resonance yields a significant reduction in performance when compared to 
amplifiers that can operate with the load on-resonance. Operation above resonance also reduces 
the ability of the system to deliver power. 


The class E amplifier has higher efficiency in the lower power region (below 7.5 W) due to 
ower operating power consumption, primarily due to the low input capacitance (Cys) of 
vice. The current-mode class D has the highest operating power for the gate driver, and 
hence has teduced performance in the low power range (up to 15 W), when compared to the 
lass E or ZVS class D amplifiers. The ZVS class D amplifier has the highest efficiency (above 
) and maintains that high efficiency performance into the higher power region where the 
"t-mode class D has high losses in the resonant inductor. 
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Topology Comparison — Load Variation 

Load variation efficiency results for each of the amplifiers are presented. The efficiency calcula- 
tion is DC IN to DC OUT, and includes gate driver power consumption. The results show that 
both of the class D type amplifiers have lower performance variation due to DC load resistance 
(Rocima) Variation. This is because these amplifiers are less affected by the load variation and 
the coil set dominates performance. The class E amplifier has a higher variation as a function 
of DC load resistance (Rpcios) changes, and also cannot fully make use of the source coil’s 
inherent high power capability in the high DC load resistance range. This is as a result of the 
class E amplifier performance being most affected by the variation of the coil set. 
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Topology Comparison — Load Regulation 


Load regulation efficiency results for of the amplifiers are presented. The efficiency calculation is 
DCIN to DC OUT, and includes gate driver power consumption. For these tests it is clear that 
forcing higher power with lower DC load resistance (Rpctoas), a8 happens with higher reflected 
resistance, impacts the performance of the system negatively. 


In the case of the class E amplifier, it is unable to deliver 18.8 V into the load, unlike the two 
class D amplifiers. This inability of the class E amplifier to deliver the requisite voltage into the 
load is due to the thermal limitations of the FET, 


Introducing the Synchronous Bootstrap FET 


CHAPTER 6: 
Introducing the 
Synchronous Bootstrap FET 


Gate drivers with internal bootstrap diodes typically have high Qgs 
The bootstrap diode Q,, induces losses in the high-side device, where: 


+ Opa losses are proportional to frequency 
- Such losses are present even with ZVS 


Synchronous FET Bootstrap Supply to Circumvent Half-Bridge 

Gate Driver Limitations 

In this section, we look at a method to further improve the efficiency of the ZVS class D ampli- 
fier by eliminating the reverse recovery charge (Qxx) losses of the gate driver. Some gate drivers, 
and the LM5113 [6.1] in particular, are equipped with an internal bootstrap diode [6.2] that 
is used to provide power to the upper device in a half-bridge configuration. Ideally this diode 
should be small, have low forward voltage drop, and have no reverse recovery charge — all char- 
acteristics of a Schottky diode. 


It is very difficult to make a high voltage (100 V) Schottky diode in an IC process and hence 
the gate drivers with internal bootstrap diode are typically PN junction diodes that have reverse 
recovery charge. During operation in a half-bridge configuration, this reverse recovery charge of 
the diode induces losses in the upper transistor. Normally these losses are negligible in compar- 
ison to other power loss mechanisms in the circuit. However, the reverse recovery charge losses 
are proportional to frequency, and at higher operating frequencies will increase to the point 
where it becomes a significant portion of the converter losses. These losses are present in the 
ZYS class D amplifier, even though it is operating with ZVS, because the voltage transition time 
(At,) is shorter than the reverse recovery time (tga) of the diode. Ways to eliminate these losses 
are the subject of this chapter, 


{6.1} Texas Instruments, “SA, 100V Half-Bridge Gate Driver for Enhancement Mode GaN FETs,” LMS113 datasheet, June 2011 
[Revised April 2013], [Online] Available: htp:/www.ti.comv/i/ds/symlink/lmS| 13,pdf 

[62] Fairchild Semiconductor, “Design and Application Guide of Bootstrap Circuit for High-Voltage Gate-Driver IC,” Appl. 
Note AN-6076, Rey, 1.4, December 2014, 
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Implementation of a Synchronous FET Bootstrap 
u 


= Pply 


Gate Driver + 
Level Shift 


Implementation of a Synchronous FET Bootstrap Supply 


Elimmanon of reverse recovery losses in the ZVS class D amplifier is key to improving effic 
extending the thermal operating range. The method used shuts down the internal diode = 
and replaces its function by using an external circuit. 


Typically, eternal diodes are large and have reverse recovery too, so this will not work. Instead, an eGaN 
FET 1s used to replace the function of the internal bootstrap diode, as they have no reverse recovery 
charge, are rated to the full voltage of the converter, and have low capacitances (Css and Cox). This 
implementation only works for eGaN FET technology since MOSFETs have a reverse recovery charge. 
A umigue feature of eGaN FET reverse conduction voltage is that it can be set by a negative gate voltage 
and results in added margin to prevent unwanted conduction. 


The eGaN FET replacing the bootstrap diode will be defined as a synchronous bootstrap FET (Quist) 
To prevent over-voltage of the upper device gate by the lower device “body diode” voltage drop (if t 
curs), the synchronous bootstrap FET (Qsrsr) will be switched synchronously with the ourput FET (Qi 
This prevents “body diode” conduction from over charging the upper device bootstrap supply voltage: 


Since the eGaN FET is an enhancement-mode device, a small amount of level-shifting is required 7 
drive the gate of the synchronous bootstrap FET. This is achieved using Dpxx and Cova “I 
shown. When the lower device is held off (0 V), then the diode (De) conducts and char "1 
approximately § V (V,,). The choice of diode for Dixy, can be a Schottky diode rated at 20 device 8 
and can be very small so it too has little capacitance to charge and discharge. When aa rise © 
turned on, its gate voltage will rise to 5 V, the gate voltage of the synchronous bootstrap er device ® 
10 V, but is only 5 V with respect to its source, and hence it will also turn on. When the ee : 
held off, the voltage on the synchronous bootstrap FET gate will be 5 V or 0 V with pet ne 

It is important to note that this implementation does not need an additional active 83" 


of the gate driver 
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impact of Gate Driver Qr, on ZVS Class D 


Impact of Gate Driver Qrr on ZVS Class D 


An example is used to determine the impact of driver Qua losses on the ZVS class D amplifier 
operating at 6.78 MHz, as found in a wireless power transfer application. In this case, the sup- 
ply voltage (Von) will be 50 V and no coil is connected as load. This will isolate the operating 
power for the circuit from the load. An LM5113 gate driver [6.3], with internal diode reverse 
recovery charge (Qea) of 2 nC, will be used to drive the EPC8010 eGaN FETs [6.4], and the 
peak ZVS current (Izysp,) will be set to 1.6 A. In this case, the reverse recovery losses (Parr) will 
be 370 mW and are induced in the upper device. 


(63) 

20 oo ts, “SA, 100V Hal-Bridge Gate Driver for Enhancement Mode GaN FETS,” LM5113 datasheet, June 

[64} ipa oP 2213) [Online} Available: htp:/wwwtconv/ivdssymlink/Ims 13.pa 

2015) (Onin CONion Corporation, “Enhancement Mode Power Transistor,” EPCHO10 datasheet, Jan 2014 [Revised 
] Available: http:/epe-co.com/epe/documents/datasheets/EPC8010_datasheet pdf 
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How to Eliminate Gate Driver Induced Qp, 


ritter 


and driver 


ed to disable the internal bootstrap diode 
+ Reducing the low-side supply voltage 
+ Increasing the high-side supply voltage 


+ Adding the synchronous bootstrap eGaN FET to replace the 
bootstrap diode function 


+ Adding protective measures against high side over-voltage 


——- ----—— 


How to Eliminate Gate Driver Induced Qup 


Next we need a practical implementation of the synchronous bootstrap FET to the LMS113 gate 
driver 6.5], and eliminate the reverse recovery charge losses. The method used to shut down 
the internal bootstrap diode of the LMS5113 gate driver begins by slightly reducing the supply 
voltage to the driver. The supply voltage must remain within the gate driver datasheet 
specifications, 

Next, the upper device bootstrap supply voltage is increased. This is achieved by the use of 
the synchronous bootstrap FET with its source connected to 5 V, which is now higher than 
the supply voltage to the IC, The synchronous bootstrap FET is then added together with its 


own simple low-voltage bootstrap circuit, Lastly, protective measures must be added to further 
prevent the high-side from over-voltage, 


(65) Teas Instruments, “5A, 100V Hal Bridge Gae Driver for Enhancement Mode GaN FETS,” LMS113 datasheet, une 
2011 [Revised April 201 


3}. [Online] Available: hitp:/www.ti.convlivds/symlink/ImS113,pdf 
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gynchronous FET Bootstrap Supply for the LM5113 


Synchronous FET Bootstrap Supply for the LM5113 


This figure shows the practical discrete implementation of the synchronous bootstrap FET to the 
1M5113 [6.6]. First, Dpay is used to reduce the voltage of the main supply to the gate driver IC 
by 0.3 Vt0 4.7 V. Denn is added to charge Cryy to approximately 4.4 V when the lower device is 
tured off. A lower voltage is required to hold the synchronous bootstrap FET off with a -0.6 V 
gate to source, thereby increasing its “body diode” voltage to further prevent it from conducting 


unexpectedly, 


Finally, the synchronous bootstrap FET source is connected to SV, and the drain to the HB 
connection of the gate driver, This results in approximately 5 V across the bootstrap supply 
capacitor (Cyrsz). All these measures effectively disable the internal bootstrap diode of the 
1M5113 gate driver and the synchronous bootstrap FET takes over its function. 


{6.6)7, 
201) Hie struments, “5A, 100V Half-Bridge Gate Driver for Enhancement Mode GaN FETS,” LMS113 datasheet, June 


‘sed April 2013), (Online) Available; htip:/wwwiti.conv/li/ds/symlink/Im5113.pd 
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The ability to eliminate Qgx induced losses for high frequency operation is so important that a 
discrete eGaN FET, EPC2038 [6.7], was specifically designed for this function. This table shows 
the basic device parameters for this device. It is available in a chip-scale package and Ball Grid 
Array (BGA) with solder bumps on the bottom side of the device. 


Key features of this device are: 
* Low Cog: ~ 1.7 pF 


* High Rog): ~ 2.8 Q 
* Applicable V)s rating: 100 V 


These features minimize the impact of the synchronous FET bootstrap solution on the gate 
driver and power circuit even when using very small eGaN FETs. 


{6.7] Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2038 datasheet, Jun 2015 a 
Available: http://epe-co.com/ 


¢pe/Portals/0/epe/documents/datasheets/EPC2038 _preliminary,pd? 
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synchronous Bootstrap FET Design Considerations 


Key design requirements for implementation of the 
synchronous bootstrap FET are; 


Timing: 
-Tun on - Delay 
-Tumn off - Immediate 

Off state margin ~ 
incase the lower | 
FET reverse conducts =“ ftumondelay Turn-offimmedite 

. Drain inductance ~ 
Layout critical to prevent ringing 


Off-state margin 


synchronous Bootstrap FET Design Considerations 

To ensure that implementation of the synchronous FET bootstrap circuit has minimal impact t0 
the gate driver and power circuits and operates under any circumstance, it needs to be designed 
to be robust under the following conditions: 


+ Low side FET reverse conduction 
Hard switching following low side reverse conduction (a high loss Coss transition) 
* Partial zero voltage switching (PZVS) 
+ Self-commutation followed by upper FET reverse conduction 
* Zero voltage switching (ZVS), the least severe condition 
first key design parameter 


These switching conditions have been well documented in [6.8]. The 

is related to timing, It takes time for the switch-node voltage to transition from high to low 
following the rise of the lower FET gate voltage. If the small synchronous FET bootstrap is 
turned on prematurely, the drain voltage will still be high. Under this condition the switch- 
node will be connected to the $ V with disastrous consequences. Therefore, the turn-on of the 
*ynchronous FET bootstrap device must be adequately delayed to prevent this from happening. 
For similar reasons, the turn-off of the synchronous FET bootstrap device must occur at the 


Same ti if 
Me time as the main lower FET. 
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Synchronous Bootstrap FET Design Considerations - continued 


The next critical design parameter is the off-state margin, Since both the 
the synchronous FET bootstrap are eGaN FET devices, both will have §j t 
tion voltage drops when held off, Under these conditions it is possible for the s7ichtong 
bootstrap device to reverse conduct main current either together or instead of the main 

FET. This can lead to an over-voltage condition across the bootstrap Capacitor, which a 

to failure of the upper FET gate. To prevent this from occurring, the off-state Voltage of the leag 
chronous FET bootstrap device is held at -1 V, thereby increasing the reverse cond ‘m- 


Uction ve 
to be significantly higher than the main lower FET and thus Preventing it from cil 
Finally, the layout of the circuit is critical, In particular, close attention must be paid to the to 
‘out of the drain circuit of the synchronous FET bootstrap device, as it can ring to higher vo| 
that can charge the bootstrap capacitor leading to failure of the upper FET gate, 
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Experimental Verification of the Synchronous FET Bootstrap 


The synchronous bootstrap FET concept has been experimentally verified. A ZVS class D 
amplifier was used for the experimental setup and tested without a load. Two versions were 
tested; the first at 6.78 MHz using 100 V rated devices and the second at 13.56 MHz also using 
100 V rated devices. Each amplifier was provisioned with an enable/disable function for the 
synchronous bootstrap FET. This allows the same circuit to be used in both modes and the 
results to be accurately compared. 


The first amplifier’s main devices (Qi; & Q.) are EPC8010 [6.9] (100 V rated, 125 mQ), and the 
synchronous bootstrap FET (Qprsr) is the EPC2038 [6.10] (100 V rated, 2800 mQ), The ZVS tank 
inductance (Lzys) is 600 nH, and the capacitor (Czys) is 1 pE 


The second amplifier’s main devices (Q, & Q,) are EPC8010 [6.9] (100 V rated, 125 mQ), and 
= *ynchronous bootstrap FET (Qyrsr) is the EPC2038 [6.10] (100 V rated, 2800 mQ), The 
S tank inductance (Lays) is 270 nH, and the capacitor (Czys) is 1p 


fe icin Poe Convers 


Jay 2015). (On) ion Corporation, “Enhancement Mode Power Transistor,” EPC8010 datasheet, Jan 2014 [Revised 


16.10] Eficieny ma Available: hutp://epe-co,com/epe/documents/datasheets/EPC8010. datasheet, pa 
‘lable pega CO8Yersion Corporation, “Enhancement Mode Power Transistor.” EPC2038 datsheet, Jun 201$ {Online} 


-convepe/Portals/0/epe/documents/datasheets/EPC2038 _preliminary.pdt 
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Power Dissipation Results 


Total FET power, excludes gate driver 


FET Power losses (mW) 
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Power Dissipation Results 


The experimental ZVS class D converter is not driving a load and therefore all power input to the circuit is 
operating losses. mea or Nae de 
gate driver and logic circuits. 


In the case of the gate driver operating power either includes the reverse recovery losses or the op 
losses of the synchronous bootstrap FET circuit. This depends on which circuit is being tested. 
For this test, the ZVS class D amplifiers were operated at 6.78 MHz and 13.56 MHz respective 
higher operating frequency significantly increased the differentiation of the removal 
losses with, and without the bypass circuit. 


The upper red traces shows the original gate driver ee operating 
and the lower blue traces using the synchronous bootstrap FET circuit, 


For operation at 6.78 MHz, the ZVS class D amplifier was designed 
up to 82 V. The new EPC2038 was used for the synchronous boa 


- circui 


ing he 
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waveform improvements at 13.56 MHz 


Vey = 45 V, No Load 


Tr = o.s68 i 
Original Configuration — HF Output Sync Bootstrap Configuration 
—— Oscillator Reference 


Waveform Improvements at 13.56 MHz 


The measured switch-node waveforms of the ZVS class D amplifier operating at 13.56 MHz 
is shown in this figure when operating with a supply voltage of 45 V and no load. The left- 
side dark blue waveform shows the original configuration with reverse recovery charge losses, 
and the right-side dark blue waveform shows the synchronous bootstrap FET configuration. 
The light blue waveforms are the oscillator references used to trigger the oscilloscope. 


The effect of reverse recovery charge on the left switch-node waveform is visible by looking 
at the bump near the ground reference that is no longer present on the right waveform. 
The effect of reverse recovery charge only affects the rising edge of the switch-node waveform. 
Both (left and right) waveforms’ falling edge have the same slope that takes approximately 
4.2 ns to complete, and is driven by the magnitude of the supply voltage, output capacitances 


(Coss) of the devices, gate driver well capacitance (C,,.), and magnitude of the ZVS tank circuit 
current, 


When implementing the synchronous bootstrap FET circuit, the rising edge is no longer affected 


b ; 

eee driver bootstrap diode reverese recovery charge (Qar), and therefore will now also 

re i same transition time of 4.2 ns as the falling edge. For this circuit, by eliminating Qxr, 
aveform now has excellent slope symmetry. 
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Thermal Improvements at 6.78 MHz 

The implementation of the synchronous bootstrap FET circuit, when operating at 6.78 MHz 
with a main supply of 70 V, decreased the operating power of the circuit by 282 mW. Ths 
decrease in power consumption amounts to the decrease in power dissipation of the upper 
device in the circuit. 

Using a thermal camera, it is shown that with Qrr induced losses present, the gate driver 
temperature is 74°C. After implementation of the synchronous bootstrap FET circuit, the gare 
driver temperature drops to 63°C, a reduction of 11°C. 


Although the gate driver is the hottest component, it is the change in the upper device remper? 
ture that reduces the gate driver temperature. This is because the upper FET is placed in close 
proximity to the gate driver to keep the gate circuit loop inductance down to a minumum 
the gate driver has higher thermal resistance to ambient than the eGaN FET. 
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Thermal Improvements at 13.56 MHz 
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Thermal Improvements at 13.56 MHz 


The implementation of the synchronous bootstrap FET circuit, when operating at 13.56 MFiz 
with a main supply of 45 V, decreased the operating power of the circuit by 628 mW. This 
decrease in power consumption amounts to the decrease in power dissipation of the upper 
device in the circuit. 


Using a thermal camera, it is shown that with Qpr induced losses present the gate driver 
temperature is 89°C. After implementation of the synchronous bootstrap FET circuit, the gate 
driver temperature drops to 58°C, a reduction of 31°C. 


Although the gate driver is the hottest component, it is the change in the upper device tempera- 
ture that reduces the gate driver temperature. This is because the upper FET is placed in close 
Proximity to the gate driver to keep the gate circuit loop inductance down to a minimum and 
the gate driver has higher thermal resistance to ambient than the eGaN FET. 


Synchronous FET Bootstrap Supply Summary 


poly dramatically 


iciency, most notably: 


+ In low-power systems 

+ For high-frequency systems 
The synchronous FET bootstrap supply is simple to 
implement and does not require an additional gate driver 


Synchronous FET Bootstrap Supply Summary 

Wireless power transfer systems are complex and have many cascaded functional blocks, 
Each block has operating losses that combine and impact overall system efficiency. Any 
simple means that can be used to dramatically improve efficiency are important. Implementation 
of a synchronous FET bootstrap supply circuit for the ZVS class D amplifier is just one such 
approach. 


The improvement in efficiency becomes more apparent in lower-power systems where operating 
power can be on the same order of magnitude as the main throughput power. Amplifiers 
operating at high frequency will significantly benefit from using the synchronous bootstrap FET 
approach, as Qux losses are frequency dependent, with the potential added benefit of increasing 
the frequency capability of the amplifier. The synchronous bootstrap FET is simple to implement 
and does not require an additional gate driver, thereby keeping implementation costs down. 
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CHAPTER 7 

Addressing the 
Convenience Factor 
for Wireless Power 


Impact of Convenience of Use on the Wireless Coil Set 


« Changes in distance between the source and device 

- Alignment and position of the device on the source coil 
- Multiple devices on a single source 

- Introduction of foreign objects (metal or magnetic) 


These issues are addressed by the A4WP standard. 


Addressing the Convenience Factor for Wireless Power 


Upto this point, wireless power transfer using coils operating on-resonance have been presented, 
analyzed and experimentally verified. Unfortunately, the convenience of use for wireless 
energy systems is not fully addressed by DC load variations alone because various conditions 
can significantly detune the coil from its original set point. 


De-tuning of the coil set can be caused by variations in distance between the source coil and 
device, variations in alignment and position of the device on the source coil, placement of 
multiple devices on the same source coil, or the introduction of a foreign metal object. All these 
factors will lead to changes in the effective coupling between the coils and tend to shift the 
reactance, referred to as the imaginary impedance of the coil. The effect of these changes on the 
Performance of the amplifier, addressed by the Alliance for Wireless Power (A4WP) standard 
{7.1}, need to be determined, 


WR Tieng, B, von Novak, S, Shevde and K. A. Grajski, “Introduction to the Alliance for Wireless Power Loosely-Coupled 
Su Power Transfer System Specification Version 1.0," JEEE Wireless Power Transfer Conference 2013, Technologies, 
ms and Applications, May 15-16, 2013. 
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Introducing the A4WP Standard 


Source coil — Power transmitting unit (PTU) 54 indard 
eu if s: 


~ Impedance range of the coil 
~ Drive requirements for the coil 


Source coil requirements drive the amplifier design 


Introducing the A4WP Standard 


Before delving into the technical aspects of the effects of imaginary impedance variation of the coll 
set on the performance of the amplifier, the A4WP standard must first be introduced. The discussion 
will be restricted to the popular class 2 [7.2] and class 3 [7.3] source coils, which are also knownas 
the Power Transmitting Unit (PTU). This standard defines the full impedance range the source collis 


t to the amplifier, as well as the drive requirements for the coil. This information 


expected to present 
if additional systems are needed, to fully 


will be used to determine its impact on the amplifier, and 
comply with the standard. 


es-14-0008 pes woe 
(7.2) A4WP PTU Resonator Class 2 Design - Spi , 
1.2 June 26, 2014. 2 Design - Spiral Type 140-90 A4WP standard documen . a 


[7.3] A4WP PTU Resonator Class 3 Design - Spi Series (PTU 3-001), A4WP 
Ver. 12, June 30, 2014, Design - Spiral Type 210-140 (PTU 
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aawP Class 2 Reflected Impedance Range 
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\ Increasing Coil 
50.0 Smith 


Load Variation Arcs Enhancement 


Full Load Arc 
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Tuned Coil 


Unloaded Coil Arc 
Increased Coil Shunting 
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AA4WP Class 2 Reflected Impedance Range 


The A4WP class 2 source coil (PTU) impedance range [7.4] is represented on a 50 Q Smith Chart, 
where the large shaded area is the total tuned compliance region called the “four-corners.” This 
region has been marked on the Smith Chart with the basic values from the standard. 


The dashed red arcs represent changes in reflected load resistance caused by changes in load current 
demand. The lower the DC load current, the further out toward the outer diameter of the graph, the 
reflected resistance (Ryoaa) Will shift, as shown by the outer blue dashed arc arrow. 


The higher the DC load current, the closer toward the center of the graph, the reflected load resistance 
(Riess) will shift, as shown by the inner dark blue dashed arc arrow. 


Each of the red dashed arcs represents different reflected imaginary impedances and, the more 

counter-clockwise the shift, the more negative the imaginary impedance becomes. This is shown 

by the counter-clockwise green arc arrow and indicates that the load impedance is becoming more 

‘apacitive. In the case shown by the clockwise green arc arrow, the load’s imaginary impedance is 
ming more positive and hence is more inductive, 


Negative imaginary impedance shifts are primarily a result of increasing coil shunting, which can 

are YY Placing a solid metal object on the coil. Positive imaginary impedance shifts that occur 

ite axis are the result of coil enhancement and can occur when a device coil is placed over 
°e coil under specific conditions. 


Final ‘ 7 
trang. light blue line represents the on-resonance trajectory of the tuned coil impedance. The 
(4), is the point where the empty coil was tuned, 

4) Aawp 
"2 dune 96, don Resonator Class 2 Design - Spiral Type 140-90 A4WP standard document RES-14-0008 RES-14-0006 Ver, 
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A4WP Class 3 Reflected Impedance Range 
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A4WP Class 3 Reflected Impedance Range 


The A4WP class 3 source coil (PTU) impedance range [7.5] is represented on a 50.Q Smith Chart, where 
the large shaded area is the total tuned compliance region called the “four-corners.” This region has been 
marked on the Smith Chart with the basic values from the standard. 


The dashed red arcs represent changes in reflected load resistance caused by changes in load current 
demand. The lower the DC load current, the further out toward the outer diameter of the graph, the 
reflected resistance (R,,,.4) will shift, as shown by the outer dark blue dashed arc arrow. The higher the 
DC load current, the closer toward the center of the graph, the reflected load resistance (Riou) Will shift, 
as shown by the inner blue dashed arc arrow. 


Each of the red dashed ares represents different reflected imaginary impedances and, the more counter 
clockwise the shift, the more negative the imaginary impedance becomes. This is shown by the counter 
clockwise green arc arrow and indicates that the load impedance is becoming more capacitive. Inthecase 
shown by the clockwise green arc arrow, the load’s imaginary impedance is becoming more posttve 
hence is more inductive, 


Negative imaginary impedance shifts are primarily a result of increasing coil shunting, which ae 
caused by placing a solid metal object on the coil, Positive imaginary impedance shifts that occur ® 
the x-axis are the result of coil enhancement and can occur when a device coil is placed over the sou 
coil under specific conditions, 

Finally, the light blue line represents the on-resonance trajectory of the tuned coil impedance. The orange 
dot is the point where the empty coil was tuned, — 


pes 
[7.5] A4WP PTU Resonator Class 3 Design ~ Spiral Type 210-140 Series (PTU 3-0001), A4WP standard docum? 
(0008 Ver. 1.2, June 30, 2014, ' 
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eS ae 
priving the A4WP Compliant Coil 


2 Source Coil drive specifications 
« Nominal coil current = 580 MAyw. 
« Current is de-rated when Poy = 10W 


3 Source Coil drive specifications: 
. Nominal coil current = 800 MAyys 
« Current is de-rated when Poy; = 16W 


other conditions, but not A4WP requirements: 
« Coil tuned with series capacitor ((:) only 
« Impedance rotation (on Smith Chart) is permissible to improve 


efficiency 


Driving the A4WP Compliant Coil 


The source coil impedance range the amplifier will need to drive for A4WP compliance has been 
defined and the drive current and power requirements will now be presented. 


The A4WP class 2 source coil [7.6] is designated for a maximum output power of 10 W. It is not 
practical to deliver 10 W across the entire impedance range as this would result in very high current 
requirements for the amplifier at the lower impedance range. Therefore, the nominal coil current is 
sex to 580 MAgyss, where load impedance results in a delivered power of 10 W or less. If 580 mA were 
to result in output power that would exceed 10 W, then the power should be capped at 10 W with a 
resultant decrease in coil current. 


Similarly, the A4WP class 3 source coil [7.7] is designated for a maximum output power of 
16 W, and nominal coil current of 800 MAgys. 


In most cases the source coil will be series-tuned to achieve the required current, although this is 
not an A4WP requirement. However, to cover the wide imaginary impedance range of the A4WP 
standard it may be necessary to retune the source coil to improve the efficiency of the system, This 
fetuning results in impedance rotation on the Smith Chart and is permissible under the standard, 


ef ips om Resonator Class 2 Design - Spiral Type 140-90 A4WP standard document RES-14-0008 RES-14-0006 Ver, 


1.7)A4wp pry ga ee : J >; 
Ve, heh ee Design - Spiral Type 210-140 Series (PTU 3-0001), A4WP standard document RES-14-0008 
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Implications of the A4WP Reflected Impedance Range 


We can now analyze the impact of the A4WP class 3 requirements on an amplifier, This 
will show whether the amplifier is capable of driving the coil set while being fully compliant yi 
the standard on its own, or if additional circuitry is required, 


We begin by calculating the voltage range needed to drive the coil if it is only tuned once, su 
ing in a single tuning set point. This means that the serie 


s-tuning capacitor will have only one 
value. Using the A4WP standard current and power limitations together with the vector sumol 


the real and imaginary components of the source coil’s complex impedance range, the volag 
needed to drive the coil can be calculated, and is shown in the graph asa function of the reflected 
Tesistance range for various imaginary impedances, 


With low magnitude imaginary impedances (< 140] j Q), the voltage needed to drive the sour 
coil remains below 40 Vams. This is within the capability of most of the amplifiers to ope 
ate efficiently (Highlighted by the yellow zone on the graph.) For higher imaginary impedant 
magnitudes, the range of voltage becomes high, causing the amplifier efficiency to drop ata tie 
rate relative to the increase in the imaginary impedance, 


The effects of the imaginary impedance can adversely affect the performance of He —_ 
and is most notable in the case of the class E amplifier, where the imaginary coll i) 
will interfere with the amplifier’s extra inductance (L, is connected in series with es 
shift the optimal operating point of the amplifier. In addition, the higher the ae 
imaginary impedance becomes, the more the coil efficiency will drop. The balance 0! 
Tequired to drive the coil will need to be made up by the amplifier. 
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view of Testing Procedure 


joad impedance is emulated using a programmable 
glibrated load to determine the operating range limits 


forthe amplifier 
rating range limits are set by voltage, current and 
temperature rating of the active devices in the amplifier 


Ho actual wireless power is transferred during testing 


Overview of Testing Procedure 


The ability of a wireless power transfer amplifier to drive a source coil in accordance with the 
A4WP standard must be experimentally tested. The test requires the development of a special 
load covering the impedance range. This load will need to be calibrated to ensure accuracy, 
since this load will be used in the amplifier circuit to determine the practical impedance range 
and power delivered. 


The test monitors various operating parameters in the amplifier circuit to determine if they are 
within predetermined specifications, These specifications are device voltage, temperature, and 
Current limits, For this test, no actual wireless energy is transferred because the calibrated load 
Serves as the reflected impedance range of the coil according to the A4WP standard. 
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Discrete Programmable Load 


The calibrated load that is used for testing is comprised of three main components, | 
namely a resistance (Ri), that can be pre-set to discrete values, a fixed inductance (Lisi) and 

a capacitance (Cs), which also can be pre-set to discrete values. The capacitor is adjustable since 

it is much easier than changing the inductance value. The values of the capacitors were selected 
to yield an impedance range from -60j Q through +45} Q in steps of 10) Q or less, if needed. 
The values of the resistors were selected to yield the following resistance values; 19,100 — 
14.9, 209, 36.Q, 44.Q, and 56.9. 


In the setup, the current probe used in power testing was included in the calibration, ast 
contributes both inductance and resistance to the load circuit. The construction of the load had 
to consider the effects of parasitic elements that can cause unwanted resonance in the circuitand 
lead to inaccurate measurements. Parasitic capacitance is particularly critical a! 
as low as 25 pF, are easy to establish and are typically of the same order of magnitu 
main tuning capacitances. If the parasitic capacitance is shunting the coil, then 
impedances, low or high, at other unwanted frequencies to become amplified. 


small value, 


cde to the 
this can lead ® 
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Load Calibration Results for Class 2 


A discrete programmable load was constructed and measured using a VNA. This is possible 
because there are no non-linear components in the load circuit that could lead to measurement 
errors since the inductor used was air core. The load was measured and calibrated with the 
oscilloscope current probe attached. 


The results of the VNA measurement to the A4WP class 2 standard [7.8] are shown on the 
Smith Chart as a function of the resistance range and for various imaginary impedances. The 
measured resistance values can be used to determine the AC power delivered into the load using 
the current measurement. 


118) Aawp 
12 June 26, 2014 Resonator Class 2 Design - Spiral Type 140-90 A4WP standard document RES-14-0008 RES-14-0006 Ver. 
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Load Calibration Results for Class 3 


A discrete programmable load was constructed and measured using a VNA. This is possible 
because there are no non-linear components in the load circuit that could lead to measurement 
errors since the inductor used was air core. The load was measured and calibrated with the 


oscilloscope current probe attached. 


The results of the VNA measurement to the A4WP class 3 standard [7.9] are shown on the 
Smith Chart as a function of the resistance range and for various imaginary impedances. The 


measured resistance values can be used to determine the AC power delivered into the load using 
the current measurement, 


i 
ign - Spiral we standard document ‘ 
[7.9] A4WPPTU Resonator Class 3 Design - Spi aa RES! 
Ver. 1.2, June 30, 2014, ‘Type 210-140 Series (PTU 3-0001), 
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jawP-Based Testing Overview 


“amplifiers tested: 
single-ended Class E to Class 3 standard 


-ended ZVS Class D to Class 2 standard 
nded and Differential-Mode ZVS Class D to Class 3 standard 


» Single 
. Single-€ 
The purpose of testing is: 

. Determine maximum impedance range of the amplifier 


. Compare MOSFET and eGaN FET performance 


TE 


A4WP-Based Testing Overview 

‘Armed with the calibrated load and a set of standards to which to measure, the next step is 
to select amplifiers to test that are capable of efficient wireless power transfer. In this case, the 
selection has been narrowed to two amplifiers, the class E and ZVS class D. The class E was 
chosen since it is a popular amplifier with many designers, and the ZVS class D was chosen 
because it exhibited high efficiency and low variation in performance due to load changes in 
previous on-resonance only tests. 


Various configurations of the amplifiers were constructed that included single-ended 
class E, single-ended ZVS class D, and differential-mode ZVS class D. The tests are designed to 
determine the maximum imaginary impedance range that the amplifier can drive and comply 
with the A4WP standard over the impedance range. Two versions of each amplifier were built 
for testing and comparison, one using a MOSFET and the other using an eGaN FET. To ensure 
accurate results, all four amplifiers (class E and ZVS class D used for MOSFET comparison) 
Were tested to a specific imaginary impedance setting before the impedance was changed. The 
Modular structure of the test setup allowed for a quick change of amplifier. 
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Class 3 Experimental Class E Amplifier 
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EPC2012 — 200V, 70 m0, Vis =5V 


Class 3 Experimental Class E Amplifier 


The experimental class E amplifiers are shown in the photo. The EPC eGaN FET (EPC2012) 
[7.10] version of the amplifier is shown on the left while the Fairchild MOSFET (FDMC2610) 
[7.11] version is shown on the right. 


The eGaN FET version uses the Texas Instruments LM5113 [7.12] gate driver at 5 V and 
the MOSFET version uses the Texas Instruments UCC27511 [7.13] gate driver at 7.5 V. The 
optimal design revealed that a 22pF external shunt capacitor was needed for the MOSFET 
version of the design to correct the Coss so that both amplifiers would operate to the same 
specifications. In this version of the amplifier the extra inductor (L,) was placed on the main 
board. Both amplifiers used the same 150 pH RF choke. 


[7.10] Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2012 datasheet, Aug 2011 [Revised 
Oct 2012]. (Online) Available: http://epe-co.com/epe/documents/datasheets/EPC2012_¢ f 
[7.11] Fairchild, “200V N-Channel UltraF ET Trench MOSFET,” FDMC2601 datasheet, Sept 2014 [Rev. C3]. [Online] Availabe 
https://www. fairchildsemi.com/datasheets/F D/FDMC26 10,pdf 

[7.12] Texas Instruments, “SA, 100V Half-Bridge Gate Driver for Enhancement Mode GaN FETs,” LMS113 datasheet, June 
2011 [Revised April 2013]. [Online] Available: http!/www.ti.com/li/ds/symlink/Im$113.pdf F 
[7.13] Texas Instruments, “Single-Channel High-Speed Low-Side Gate Driver,” UCC27511 datasheet, February 2012 [Revised 
December 2013]. [Online] Available: http:/www.ti.com/product/ucc27511 
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Class 3 Experimental ZVS Class D Amplifier 
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Class 3 Experimental ZVS Class D Amplifier 


The experimental ZVS class D amplifiers are shown in the photo. The eGaN FET version used 
a custom designed evaluation board fitted with the 100 V rated EPC8010 [7.14] and included 
the EPC8010 [7.14] as a synchronous FET bootstrap is shown on the left. The MOSFET 
(FDMC86116LZ) version is shown on the right. Both the eGaN FET and MOSFET versions 
use the LM5113 gate driver at 5 V. The design of the ZVS tank inductor (Lzys) was chosen to 
yield equal transition times of the switch-node. Since the MOSFET has a higher Coss than the 
eGaN FET, a higher current is required to yield the same transition time of approximately 4 ns. 
The eGaN FET amplifier uses a 600 nH inductor for Lzys and the MOSFET version uses 390nH. 


Tein Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC8010 datasheet, Dec.. 2013 
an. 2015]. [Online] Available: http://epe-co.com/epe/documents/datasheets/EPC8010_datasheet.pdf 


ee ee 


| 101 


Chapter 7 


: ae 
Experimental Differential-Mode ZVS Class D Amplifier 
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Experimental Differential-Mode ZVS Class D Amplifier 


The experimental differential-mode ZVS class D amplifier [7.15] that uses the new 60 V rated 
EPC2108 [7.16] eGaN integrated circuit is shown in the photo. Although this demonstration 
board features a controller to operate to the A4WP standard, the controller was bypassed to 
allow specific measurements to be taken. This amplifier will not be compared to an equivalent 
MOSFET version, but it will be used to determine the full reactive impedance range drive 
capability to the class 3 standard. This board also includes a new high frequency current sense 
circuit which will remain in the circuit. This current sense circuit will shift the reactive impedance 
range by approximately +5j Q. 


Once the amplifier has been tested it will be used for system level testing using a coil set t 
deliver power wirelessly, 


(7.15) {Online} Available: http://epe-co.com/epe/Products/DemoBoards/EPC9509 aspx 


7.16] Efficient Power Conversion Corporation, "Enhancement Mode Power Transistor,” EPC2108 datasheet, Jun, 2015 (Online 
je es hutp://epe-co.com/epc/documents/datasheets/EPC2108 
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Experimental Single-Ended ZVS Class D Amplifier 


Experimental Single-Ended ZVS Class D Amplifier 


The experimental single-ended ZVS class D amplifier [7.17] that uses the new 100 V rated 
EPC2107 [7.18] eGaN integrated circuit is shown in the photo. Although this demonstration 
board features a controller to operate to the A4WP standard, the controller was bypassed to 
allow specific measurements to be taken. This amplifier will not be compared to an equivalent 
MOSFET version but will be used to determine the full reactive impedance range drive capability 
to the class 2 standard. This board also includes a new high frequency current sense circuit 
which will remain in the circuit. This current sense circuit will shift the reactive impedance range 
by approximately +5j Q. 

Once the amplifier has been tested it will be used for system level testing using a coil set to deliver 


power wirelessly, 


{7.17} [Online] Available: http://epe-co.com/epe/Products/DemoBoards/EPC95 10.aspx 
{7.18} Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2107 datasheet, Jul, 2015 [Online] 
Available: http:/epe-co.comvepe/documents/datasheets/EPC2107_datasheet, pdf 
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Experimental Details 


Fail criteria for A4WP compliance testing 
+ Vos exceeds 80% of rated datasheet value 
* Trer OF Toviver exceeds 100°C in an ambient temperature of 25°C 


All the amplifiers are tested using the same load setting 
prior to the load being changed 


Gate driver power consumption is measured 


Efficiency is from DC input to AC power delivered and 
includes gate driver power 


Experimental Details 


The experimental tests over a wide impedance range will push each of the amplifiers to their 
limits. Ir is not the intention of these tests to find the breaking point of the amplifiers but rath- 
er to determine the maximum operating point within well-known guidelines. These guideline 
limits are set by two main criteria, and are based on commercial product limits and reliability 
considerations. 


In this case, if the operating voltage of the circuit leads to any device to be exposed above 
80% of its rated maximum Vps specification, then that would be considered out of bounds. 
Likewise, if any component exceeds 100°C in an operating ambient temperature of 25°C, it 
would also be considered out of bounds, Upon detection of an out of bounds condition, that 
specific measurement will be halted. A determination will be made if the next lower magnitude 
impedance measurement is needed and if a new test needs to be executed. 


All four amplifiers (class E and ZVS class D used for MOSFET comparison) will be tested 
prior to an imaginary impedance setting change in order to prevent variations in imaginary 
impedance. 

The efficiency reported from these tests will be from the DC input to AC power deli 
and includes the gate driver power consumption. 
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Class E Amplifier Class 3 Experimental Results 
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Class E Amplifier Class 3 Experimental Results 


Shown above is the measured total amplifier power loss for both the eGaN FET (blue traces) 
and MOSFET (red traces) based amplifiers operating under a resistance load variation of 1.7 Q 
through 57 Q, and for three imaginary impedance load conditions, where both amplifiers were 
fully A4WP class 3 compliant, of -30j Q, -20) Q, and 0j Q. 

The results reveal that the eGaN FET based amplifier always has lower operating power losses. 
Furthermore, in the power range from 8 W through 16 W, this amplifier has between 24% and 
42% lower losses than the MOSFET based amplifier. Also notable is the shift downward in 
optimal load resistance as the imaginary impedance decreases (becomes more negative). This is 
due to the load effectively reducing the value of the extra inductor (L,) and therefore the optimal 
Operating point resistance. 
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Single-Ended ZVS Class D Amplifier Class 3 
Experimental Results 


Total Amplifier Losses 


Real Reflected Resistance (0) 


Single-Ended ZVS Class D Amplifier Class 3 Experimental Results 


Shown above is the measured total amplifier power loss for both the eGaN FET and MOSFET 
based amplifiers operating under a resistance load variation of 1.7 Q through 57 Q and for 
three imaginary impedance load conditions, where both amplifiers were fully A4WP class 3 
compliant, of -30j Q, 0j Q, and +20) Q. 


The results reveal that for the load power range between 6.5 W and 16 W, the eGaN FET 
amplifier has between 15% and 48% lower losses than the MOSFET version. In the power 
range below 6.5 W, the eGaN FET based amplifier maintains lower losses, except when the load 
becomes capacitive. In this case, the difference is small at 13% (in the worst case), and is due 
to the lack of availability at the time these tests were conducted of a very small synchronous 
FET bootstrap device with negligible Coss with respect to the main devices (Q, and Q). This 
performance degradation can now be eliminated by using the EPC2038 [7.19] eGaN FET asthe 
synchronous FET bootstrap device. 


Made Por Tass PCI ae, 021510 


(7.19) Efficient Power 
Available: http// ets/EPC2038.preliminary.pat 


Conversion Corporation, “Enhancement 
/epe-co.com/epe/Portals//epe/documents/datash 
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comparison Between Single-Ended 2VS Class D and 


class E Amplifiers 
Total Amplifier Losses 
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his £pc2012 1007 W 
veer EPCBO10 1007 W 
EPC2012 36.0 16 W 
* £PCRO10 36.10 16 W 
£PC2012 550 16 W 
£PCB010 55.0 16W 


Le ee 
Imaginary Impedance (j 2) 
Comparison Between Single-Ended ZVS Class D and Class E Amplifiers 


The measured amplifier power loss results for both the class E (blue) and ZVS class D (green) 
amplifiers operating with a varied load impedance range is given in this graph for the eGaN 
FETs. The effect of imaginary impedance is plotted for various reflected load resistances to 
highlight the imaginary impedance range capabilities of each of the topologies when complying 
with the A4WP class 3 standard. 


The two higher reflected load resistance ranges were selected based on full power delivered 
to the load, and the third value at approximately half of full load power. It is notable that the 
ZVS class D amplifier exhibits a relatively flat efficiency response over the entire imaginary 
impedance range compared to the class E, This is due to the low output impedance of the ZVS 
class D amplifier that improves robustness to changes in the coil impedance. 
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Differential-Mode ZVS Class D Amplifier Class 3 


Experimental Results 
EPC9509 Total Amplifier Efficiency 


Differential-Mode ZVS Class D Amplifier Class 3 Experimental Results 


The measured amplifier efficiency for the differential-mode ZVS class D amplifier (EPC9509) 
is shown operating under a resistance load variation of 1.7 Q through 57 Q and for various 
imaginary impedance load conditions to the A4WP class 3 standard. The efficiency is presented 
in this case over power loss as the performance is not being compared to that of a MOSFET 
equivalent, but once the system is tested the performance of the amplifier within the system can 
be evaluated. 


The results show that the amplifier has the ability to operate to the A4WP class 3 standard 
over an incredible absolute range of 100j Q without the need for adaptive matching. For this 
amplifier, the coil-set would only require a one-time re-tuning to deliver power over the entire 
A4WP-compliant range of 160) 2. The results also show the effect of the current sensor that 
shifted the operating reactive impedance down from an expected +50} Q to +40} Q and from 
-50j 2 down to -60j 2. 
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summary of A4WP Class 3 Compliance for Amplifiers 


Impedance Rotation 


Single-Ended 
2VS Class D 


Single-Ended 
Class E 


Impedance Rotation 


Summary of A4\WP Class 3 Compliance for Amplifiers 


This chart summarizes the capability of each of the amplifiers tested to the A4WP class 3 
standard superimposed on the impedance range of the standard. The purple dashed arc arrow 
and constant impedance boundaries shows the class E amplifier, the green dashed arc arrow 
and constant impedance boundaries shows the single-ended ZVS class D amplifier, and the 
blue-dashed arc arrow and constant impedance boundaries shows the differential-mode 
ZVS class D amplifier. It is clear from the experimental results that neither of the amplifiers is 
capable of operating over the entire impedance range. 


Retuning the coil is therefore required to rotate the class 3 range to be within the amplifier 
capability shown by the red arc arrows. Given the range capability of the class E amplifier, the 
entire class 3 range will need to be broken into at least six discrete steps for full compliance. In 
the case of the single-ended ZS class D amplifier only three discrete steps are needed for full 
compliance. Finally, for the differential-mode ZVS class D amplifier only one discrete step is 
needed for full compliance. 


Some form of adaptive matching circuit will be needed for automatic retuning of the source coil, 
Discrete adaptive matching circuits offer the simplest solution to retuning the source coil, and 
tach discrete bit will add two tuning set points, This means that a ZVS class D amplifier can 
Poi tentially yield a lower cost solution through savings in adaptive matching circuitry, since it 
quires less bits than the class E amplifier, 


ee 
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Single-Ended ZVS Class D Amplifier Class 2 


Experimental Results 
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Single-Ended ZVS Class D Amplifier Class 2 Experimental Results 


The measured amplifier efficiency for the single-ended ZVS class D amplifier (EPC9510) is 
shown operating under a resistance load variation of 6.5 Q through 65 Q and for various 
imaginary impedance load conditions to the A4WP class 2 standard. 


The results show that the amplifier has the ability to operate to the A4WP class 2 standard over 
the entire absolute range of 70j Q without the need for adaptive matching. 
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Summary of A4WP Class 2 Compliance for EPC9510 


Summary of A4\WP Class 2 Compliance for EPC9510 


This chart summarizes the capability of the single-ended ZVS class amplifier tested to the A4WP 
class 2 standard superimposed on the impedance range of the standard. The blue dashed arc 
arrow and constant impedance boundaries shows the amplifier capability. The red arc arrows 
show the retuning of the coil for impedance rotation that will bring the class 2 impedance range 
completely within the capability of the amplifier (hence only arrows pointing in one direction 
are used as this is a one-time re-tuning of the coil). 
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System Level Testing 


‘ransfer will be 


« This will further validate the amplifier performance 
~ Determines potential issues related to the standard 


The wireless power transfer systems to be tested are: 


« FPC9114— Class 2 using the EPC9510 amplifier and one category 3 load 
« FPC9113 — Class 3 using the EPC9509 amplifier and two category 3 loads 


System Level Testing 
Now thar the differential-mode and single-ended ZVS class D amplifiers have been tested to the 
A4WP class 3 and class 2 standards respectively, the amplifiers need to be tested in an actual 
wireless power system designed to deliver power. This will further validate the performance 
the amplifiers and will also be used to check for potential issues. 
The wireless power systems to be tested will be the EPC9114 [7.20] using the EPC9510 
to the class 2 standard, and the EPC9113 [7.21] using the EPC9509 amplifier to the class 
standard. In the case of the class 2 system, only one category 3 device board will be used as 
with maximum power delivered of 6.5 W. The class 3 system will use two category 3 
boards that will yield a total delivered power of 13 W. 


[7.20] [Online] Available: htp:/epe-co.com/epe/Products/DemoBoards/EPC9114.4spx 
[7.21] [Online] Available: http://epe-co.convepe/Products/DemoBoards/EPC9113,aspx 
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Experimental Class 2 A4WP Setup - EPC9114 


Category 3 Device 


a ee 


EPC9510 Amplifier 
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Experimental Class 2 A4WP Setup - EPC9114 


Shown is the experimental setup for the A4WP class 2 system using the EPC9114 [7.22] 
demonstration kit that comprises an EPC9510 single-ended ZVS class D amplifier, a class 2 
source coil and category 3 device board. Nylon standoffs were used to mechanically attach the 
category 3 device board to the class 2 source coil. The standoffs served to provide a consistent 
setup ensuring the same location of the device board for each test and the correct distance as 
prescribed by the A4WP standard between the source and device coils, The setup was designed 
so that the full A4WP impedance range could be replicated with this coil setup. The amplifier 
was again operated in the bypass mode in the same manner for the amplifier performance tests. 


17.22] [Online] Availabe: hitp://epe-co,com/epe/Products/DemoBoards/EPC91 14.uspx 
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Experimental Class 3 A4WP Setup — EPC9113 
Shown is the experimental setup for the A4WP class 3 system using the EPC9113 [7.23] 
demonstration kit that comprises an EPC9509 single-ended ZVS class D amplifier, a 
class 3 source coil, and two category 3 device boards. Nylon standoffs were used to mechanically 
attach the category 3 device board to the class 3 source coil. The standoffs served to provide 
a consistent setup ensuring the same location of the device board for each test and to fix the 
distance between the source and device coils. According to the A4WP class 3 standard, the 
separation distance between the source coil and device coil is prescribed as 6 mm. It was found 
that at 6 mm separation between two category 3 devices and the source coil, the source coil 
became over-coupled and the reflected impedance increased to as high as 200 Q (when it should 
only be 56.2 2) when each of the device boards were loaded with the minimum resistance 
(maximum power point), Increasing the distance to 28.5 mm corrected the problem so that 
the reflected impedance fully complied with the A4WP class 3 standard. This kind of issue and 
possible corrective actions was presented in chapter 2. 


The impedance range that the amplifier was capable of driving was replicated with this cal 
setup. The amplifier was again operated in the bypass mode in the same manner for the amplifier 
performance tests. 


[7.23] [Online] Available: http://epe-co.com/epe/Products/DemoBoards/EPC9 | | 3.aspx 
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Experimental Class 2 Reflected Impedance Verification 


The coil impedance range under specific operating conditions must be known to be able to 
verify the performance of the system. The first step was tuning the source coil without the device 
present. For each change in reflected reactive impedance, the tuning capacitor values on the 
source coil were changed as indicated by the dots on the Smith Chart, which was easily verifiable 
using a VNA. Adding the device as an open circuit and decreasing the DC load resistance in 
discrete steps would primarily increase the real component of the reflected impedance until the 
maximum was reached near the center of the Smith Chart. The impedance was determined using 
the analysis methodology described in chapter 2. Additional analysis was used to predict the 
operating voltage of the amplifier for the various load conditions that were then used to verify 
the impedance points of the experimental setup. 
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Experimental Class 3 Reflected Impedance 
Verification 


Experimental Class 3 Reflected Impedance Verification 


The coil impedance range under specific operating conditions must be known to be able to 
verify the performance of the system. The first step was tuning the source coil without the device 
present. For each change in reflected reactive impedance, the tuning capacitor values on the 
source coil were changed as indicated by the dots on the Smith Chart, which was easily verifiable 
using a VNA. Adding the first device as an open circuit and decreasing the DC load resistance 
in discrete steps would primarily increase the real component of the reflected impedance to the 
mid-point. Adding the second device as an open circuit and decreasing the DC load resistance 
in discrete steps would continue to increase the real component of the reflected impedance 
until the maximum was reached near the center of the Smith Chart. The impedance was again 
determined using the analysis methodology described in chapter 2. Additional analysis was used 
to predict the operating voltage of the amplifier for the various load conditions that were then 
used to verify the impedance points of the experimental setup. 
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epc914 Class 2 System Efficiency 


Load Power (W) 


0 200 400 600 200 1000 | 
DC Load Current (mA) 


———_-— 


EPC9114 Class 2 System Efficiency 


The experimental system efficiency is shown in this graph for the entire class 2 impedance range, 
and includes gate driver and oscillator power. It is clear that not only does this system fully 
comply with the A4WP class 2 standard but exhibits excellent efficiency for such a system. This 
is due to several factors, such as the high efficiency of the amplifier and the correct pairing of the 
source and device coils for these specific operating conditions. The graph also shows the power 
delivered into the unregulated DC load by the black dashed trace. 
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EPC9113 Class 3 System Efficiency 
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EPC9113 Class 3 System Efficiency 

The experimental system efficiency is shown in this graph for the reactive impedance range 
from 60) Q through +40j Q, and includes gate driver and oscillator power. The graph clearly 
shows when the second device is added with the dip at 1000 mA. This is due to the system being 
more efficient at delivering 6.5 W with a higher voltage and lower current, than at full current. 
‘Adding the second device has a smaller impact to the system, as it is already operating in power 
limit mode not due to the class 3 requirement, but due to the category 3 device requirements. 
The results also show that the system is capable of operating over the same impedance range 
determined for the amplifier using the emulating load. The power delivered into the unregulated 
DC load is shown by the black dashed trace. 


Disappointing is the low system efficiency for this setup, despite using the same 
category 3 device for this setup as was used in the class 2 setup. The first factor that contributes 
to low efficiency is the large distance between the source and device coils to achieve the required 
reflected impedance. The second factor is the high source coil inductance that requires a hig 

reactive energy to maintain the magnetic field, This high reactive energy leads to high losses "8 


the coil, The design of the specific source coil used in this experiment allows the dual-interleave 
winding configuration to be connected in either parallel or series. The experime 
connection, and re-configuring the coil to be connected in parallel may signi 
the efficiency of the system by addressing the reduction in source coil inductance, a” 
reducing the reactive energy required to generate the magnetic field. Additional experimen 
is required to verify by how much the efficiency will improve. Connecting the source 
parallel will unfortunately again cause a deviation from what is prescribed inthe class 3 
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System Level Observations 


Class 2: 
High efficiency 


Full A4WP compliance 
Class 3: 
-_. Moderate efficiency 
+ Not fully A4WP compliant -> requires additional tuning circuitry 
Class 3 losses dominated by coil. Coil improvements: 
+ Lowest possible ESR (at 6.78 MHz) 
» Lowest Lsouce 
« Match coupling to device 
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System Level Observations 


A single-ended EPC9510 ZVS class D amplifier based on the 100 V rated EPC2107 was 
experimentally verified to the A4WP class 2 standard and found that it was fully compliant over 
the entire impedance range and exhibited high efficiency. 


A differential-mode EPC9509 ZVS class D amplifier based on the 60 V rated EPC2108 was 
experimentally verified to the A4WP class 3 standard and found that it was compliant over 
a reactive impedance range from -60j Q through +40} Q. This means the remaining absolute 
60j Q range would need to be achieved by re-tuning the coil, and will be the subject of the 
next chapter. The class 3 system tests revealed a low efficiency that is mainly attributable to the 
incompatibility between the class 3 coil and category 3 device coils as prescribed in the A4WP 
standard, This can be corrected to yield efficiencies that are comparable or perhaps exceed 
that of the class 2 system, Corrective actions can include a reduction in the source coil ESR, a 
reduction in the inductance, and improved pairing of the source and device coils. 
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CHAPTER 8: 

Adaptive Matching - 
Expanding the Convenience 
Factor for Wireless Power 


The imaginary impedance range is too wide for efficient 
amplifier operation. The system needs a fast and automatic 
method to adapt to changing coil parameters, which: 


Improves wireless system efficiency 
» Reduces output voltage requirements for the amplifier 


» Helps keep EMI generation down 


+ Addresses convenience factor for wireless power 


Required for full A4WP Compliance 


Why Adaptive Matching? 

Experimental results of testing the class E and ZVS class D amplifiers according to the A4WP 
class 3 standard has revealed that neither of these amplifiers can operate efficiently and fully 
comply with the standard, Some form of adaptive matching is needed to retune the source coil 
to cover the entire impedance range. 


Adaptive matching is used to improve coil efficiency as it effectively narrows the impedance 
range of the coil and brings it back to operate closer to resonance. Also, adaptive matching 
teduces the output voltage requirement for the amplifier, allowing the resonant circuit to 
function more optimally at this task. 


Retuning the coil also helps keep EMI generation down as the further the system needs to 
perate from resonance, the lower the quality factor of the tuned coil circuit becomes, and the 
higher the probability that unwanted frequency sources can impact the coil. This is because 
the amplifier, which is the main source of EMI, needs to take over the function of the resonant 
“itcuit used to increase the coil voltage. 
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What is Adaptive Matching? 


Adaptive matching retunes the source coil’s imaginary 
impedance (results in rotation on Smith Chart) 


Various methods can be used to implement adaptive 
matching, such as switching in various discrete capacitors 


What is Adaptive Matching? 


In simple terms, adaptive matching is a circuit that monitors the operating conditions at the 
source coil and operates to change the series capacitance value of the tuning circuit, thereby 
changing the resonant frequency of the tuned source coil. This effectively rotates the imaginary 
impedance on the Smith Chart. Various methods can be employed to achieve adaptive matching, 
the most popular is to switch in and out various discrete capacitors. 
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piscrete Adaptive Matching Overview 
adigital 2-bit adaptive matching circuit results in four settings: 


angles 
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Discrete Adaptive Matching Overview 


The adaptive matching process will be examined in detail using a digital two-bit approach that 
yields four set points. First, we start with an unloaded A4WP class 3 coil and tune it to on-reso- 
nance. In this example, the series capacitor required is 62 pF when the coil inductance is 8.3 pH, 
and is shown by the red trace on the top left graph. Under these conditions an amplifier capable 
of operating from -30j Q through +10} can be used to operate in the first quadrant of the 
class 3 range shown by the yellow area. The orange, green and brown traces fall outside the 
amplifier operating capability range and represent specific coil impedances for which the coil 
will need to be re-tuned, 


If, for some reason the coil impedance is decreased to 7.3 pH and the tuning capacitor is kept 
the same, shown by the orange trace on the top left graph, then the amplifier will no longer be 
capable of operating the load and complying with the standard. Efficiency of the system will 
top and the coil must be re-tuned by changing the capacitance to 75 pF (shown in the top right 
Braph orange trace), This re-tuning rotates the impedance, including that of the standard. The 


amplifier capability remains unchanged, but now it is capable of operating the coil in the second 
Guadrant of the class 3 range. 
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Discrete Adaptive Matching Overview - continued 


This process can be repeated where the coil impedance now decreases to 6.4 HH and the tunj 
capacitor is kept the same (62 pF), shown by the green trace on the top left graph. With the 
decrease in the coil impedance the amplifier will not be capable of operating the load and co 
with the standard even if re-tuned using the 75 pF capacitor, Efficiency of the system will drop 
further and therefore the coil must be more aggressively re-tuned by changing the Capacitance 
to 86 pF (shown in the bottom left graph green trace), This retuning rotates the impedance, 
including that of the standard still further. The amplifier capability remains unchanged but now 
it is capable of operating the coil in the third quadrant of the class 3 range. 


mply 


Finally, if the coil impedance drops still further to 5.5 pH, and using the original Capacitor of 
62 pF, shown by the brown trace on the top left graph, then the coil must be re-tuned, yet again, 
by changing the capacitor to 100 pF (shown in the bottom right graph brown trace). Again, 
the amplifier capability remains unchanged except now it is capable of operating the coil in the 
fourth quadrant of the class 3 range. 


With all these re-tuning steps, the entire class 3 range can be covered. It should be noted that 
although a specific inductance value was used in this example, the actual inductance in a 
practical circuit could be any value within that range, and even outside that range to some 
extent. The re-tuning process is meant to bring the tuned coil impedance within the range that 
the amplifier is capable of driving. 
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Adaptive Matching — Discrete Capacitors 


Amplifier Connection 
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Adaptive Matching - Discrete Capacitors 

Now that the adaptive matching process has been explained, we need a method of 
implementation. In its simplest form, a discrete capacitor can be switched in and out. This yields 
a one-bit adaptive matching network with two possible states. In the figure shown, an open 
switch yields lower effective capacitance for the tuning circuit, and a closed switch yields an 
increased capacitance circuit. 


Using the previous example, the capacitance needs to change from 62 pF to 75 pF. With the 
switch closed, the value of C; is the only capacitor in the circuit and must be 75 pF. When 
the switch is open, the total capacitance needs to be 62 pF and, since the both capacitors are 
connected in series, the value of Cs, needs to be 357.7 pF. This assumes that the switch has no 
capacitance of its own, 


Pes. 


Basic Adaptive Matching Network Cell 
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Basic Adaptive Matching Network Cell 


Using the basic concept of an adaptive matching circuit cell, a practical implementation can now 
be derived and a semiconductor switch can replace the ideal switch. The basic requirements for 
the semiconductor switch are as follows: 


* Low Coss as this will appear in parallel with the tuning capacitor (Cy)). 


© Flat Coss as a function of drain-source voltage (Vps) - any non-linear effects can shift the 
resonant frequency and mis-tuning the coil, 


* High blocking voltage ~ as the resonant capacitors will increase coil voltage and are exposed 
to high voltage (which can be as high as 250 Veus). 


* Low Rosion as this will prevent additional losses in the circuit and thus preventing degraded 
performance. 


© dv/dt immunity [8,1]-[8.3] - as the operating frequency and voltage exposure is high. 


* High off-state resistance ~ as this prevents additional losses in the circuit and prevents 
degraded performance. 
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pasic Adaptive Matching Network Cell - continued 
ace the gwitch needs to block both voltage polarities (the voltage across Cy, is sinusoidal) 


# semiconductors can do that, two back-to-back semiconductor switches are used. 
‘e most suitable semiconductor switch types for this operation are MOSFETs and eGaN FETs, 
which meet the criteria for this function, It is further important to note that some amplifier 

|| output a DC offset to the tuned coil circuit, which will need to be added to the 


ropotogies W! ly ; 
locking voltage capability of the device and resonant capacitors. 


Using semiconductor switches necessitates a gate driver. In this function the gate driver has 
different requirements from those used in the amplifier. This is because it does not switch at high 
frequency but is required to operate within the high frequency and high voltage environment. 
The gate driver needs to have the following two characteristics: 


very few 


+ The ability to operate with a high negative voltage (for the negative voltage cycle) with 
respect to the device source. Alternatively, the gate driver needs to provide isolation. 


+ High frequency capability and, as such, a low well capacitance to prevent from becoming 
part of the main resonant circuit. 


BIA. Lidow, 
Isak v bidow, J, Strydo ¥ 
SBN 978.1.) 1884496) epee eo D, Reusch, GaN Transistors for Efficient Power Conversion, Second Edition, Wiley, 


182}4. Lidg 
4 Jane oo J: Strydom, : ‘ 
June 2014, pp 28-31, D. Reusch, “GaN - Moving Quickly into Entirely New Markets,” Power Electronics Europe, Issue 


“AT. Wu, “Cdy/dt i 
induced turn-on j 
in synchronous buck regulators,” white paper, Intemational Rectifier Corporation, 
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Multi-Bit Adaptive Matching Network 


Additional 


Amnplifier Connection Cells 
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Multi-Bit Adaptive Matching Network 

Now that a practical implementation of a single cell adaptive matching circuit has been 
introduced, the concept needs to be expanded to multiple cells. As was determined from the 
capability for some of the amplifiers tested, two to three cells are needed to re-tune the source coil to 
sufficiently cover the entire A4WP class 3 specification range. This requires additional cells thatare 
connected in parallel with the first, as shown in the figure above. 


In this case the value of Cs needs to be the maximum capacitance value, and the values of 
Cs), Cx, through Cs, need to be calculated to yield the values needed for re-tuning. Using the 
previous example, the value of C; needs to be 100 pF for use when both Qs, and Qg are closed. 
To change the total capacitance to 62 pF with all the cells in the open state, the value of Gs 
needs to be 163.2 pF. This assumes that the Coss of all the devices are negligible with respect t 
the resonant capacitor (C;,) values. To obtain additional resonant capacitor values, subsequent 
cell capacitance can be calculated until all the resonant capacitor values can be configured. 
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Alternative Multi-Bit Adaptive Matching Network 


G low 


Alternative Multi-Bit Adaptive Matching Network 


In the previous implementation of a multi-cell adaptive matching network, three cells are 
needed to cover the four bits of adaptive matching. These cells are needed because the first cell 
effectively shunts the capacitor C.,, making it only half as useful. A more effective use of cells 
is to permanently configure Cy; in the circuit and to use two cells to adjust the total resonant 
capacitance values in a binary manner. 


Although this method uses the expensive hardware more effectively, it is much harder to calculate 
the optimal solution since each bit needs to re-tune the coil by a specific amount. And, this 
re-tuning is not always going to be a simple linear function. Some compromise can be made if it 
is determined that the amplifier is capable of operating over a wider imaginary impedance range 
than the total impedance range divided by the number of re-tuning bits. 
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Adaptive Matching Challenges 


Detection of the amplifiers operating conditions: 

+ How are coil current, voltage and phase measured? 

+ Will the detection method introduce losses? 

+ How does a previous setting affect detection? 
implementation of adaptive matching should consider: 
+ The impact of parasitics, e.9., Css 

+ Amethod to eliminate DC offset voltages 

+ Agate driver with a low well capacitance is needed 

Cost for adding adaptive matching network cells: 

+ Each additional cell multiplies the cost of adaptive matching 
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Adaptive Matching Challenges 


The fundamentals of adaptive matching have been introduced with a basic practical implementation 
for the power circuit. Many challenges still remain for full implementation because the actual 
adaptive matching system requires additional circuitry to function, circuitry that includes detection 
and decision elements. 


In a wireless power transfer circuit, operating conditions need to be detected beyond what can 
be informed by the device. Sensors can affect system operation and EMI generation. In addition, 
sensors may output information with jitter, which could add further design constraints, and affect the 
measurement and decision process, 


More importantly, will detection methods increase losses in the circuit? Finally, does the decision system 
need to remember a previous setting after detection of a new state? These questions must be 
in the design phase to ensure the system can function properly while complying with a standard. 


Implementation of adaptive matching circuits introduces parasitic elements such as Coss, and 
must be considered when calculating resonant capacitor values, To make matters more compli¢ 
Coss is a non-linear function of voltage, and the presence of DC offset voltages can lead 
asymmetry and shifts in resonance, 


Finally, the gate driver becomes an integral part of the circuit and contributes to parasitic ¢a| 
Therefore it is important to ensure that the gate driver’s well capacitance is low enough 
become part of the power circuit, 


The cost of implementing adaptive matching depends on the amplifier’s imaginary impecance 
capability and the standard it needs to meet, The wider the required impedance range, and 

the imaginary impedance range of the amplifier, the more cells are needed for adapti be 
the higher the system cost. ua 
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EMI for Highly 
Resonant Wireless 
_ Power 


| EMI Characteristics to be covered: 


Related to 6.78 MHz, loosely-coupled A4WP 
based wireless power systems 


- Radiated emissions 
+ Source side (transmitter) EMI radiation 


EMI for Highly Resonant Wireless Power 


EMI is a subject that needs to be addressed in any power electronic design, and wireless power 
transfer is no exception. Wireless power transfer systems are classified as intentional radiators and 
are therefore burdened with additional regulations [9.1, 9.2] as compared to traditional plug-in 
power converters. If the spectral content of the energy introduced to the radiator falls outside 
the transmission bandwidth limits, it will radiate as electromagnetic interference (EMI) [9.3]. 
This interference is the most difficult to reduce because traditional power circuit EMI abatement 
techniques will have a significant impact on the performance of the coil and matching circuits. 
Therefore, in this section, only radiated EMI will be covered for the source (transmitter) circuit. 


This transmitter circuit will be examined operating at 6.78 MHz (ISM band), based on the 
loosely-coupled A4WP, Rezence, standard. Only the engineering aspects will be covered and the 
Process or standards themselves will not. However, knowledge of the relevant EMI standards, 
which define how EMI is measured, antenna orientation, and antenna distance from source is 
required. The EMI standards are an integral component of EMI [9.1]-[9.3]. 


9, 
: x Code of Federal Regulations Title 47, Vol. 1, Part 18 B (Industrial, Scientific, and Medical Equipment), 1998, 
193) a maerele Compauibiliy (EMC), European Directive (2004/108/EC), 


3] European Norm, ENSS011 Group 2 Class B. 
Ee 
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Applicable Radiated Emissions Standards 


USA: EU: 
Radiated emissions limits: Radiated emissions limits: 
+ FCCpart 18 consumer (ISM + EN55011 group 2 class B 
intentional radiator) + EMC directive (2004/108/EC) 
Human exposure limits: Human exposure limits: 
+ FCCpart 1.1310 class B + Recommendation 1999/519/EC 


+ ICNIRP 2010 (limited adoption) 


Applicable Radiated Emissions Standards 


Before delving into radiated EMI for wireless power, we first need to understand the limits 
imposed on the system. The relevant standards are dominated by the US and EU standards. 


Three standards govern EMI [9.4]: the first relates to the radiated EMI limits [9.5, 9.6], the 
second relates to the intentional radiation within the ISM bands [9.6, 9.7], and the third relates 
to human radio frequency (RF) exposure limits [9.8]. 


The radiated EMI limits, spanning the frequency range from 6 MHz through 1 GHz, present 
the greatest challenge to consumer wireless power products falling under class B, which have 
the lowest limits. 


The intentional ISM band radiator standards restrict the frequency bandwidth of the radiated 
energy but essentially allow unlimited radiated power, with a few exceptions [9.4] in the 
frequencies targeted for wireless power. 


The human RF exposure limits will limit the power radiated by wireless power systems. Not all 
the standards have been adopted, thus the limits may change in the near future. 
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Applicable Radiated Emissions Standards - continued 


icles power systems falling under the A4WP standard that operate at 6.78 MHz, an ISM 
‘ee most cases are permitted to radiate unlimited power within the ISM frequency band, 
si ISM band frequencies include, amongst others, 13.56 MHz and 27.12 Miz [9.6]. 
coker is used for Near Field Communications (NFC) in products such as RFID and 
w readers that are now included in smart phones. 27.12 MHz is used, under license, for 
= bind radio. These other ISM band frequencies happen to be the 2" and 4 harmonies of 
Soe uit and some designers have suggested that since those frequencies also fall under 
* band regulations that they do not need to be adequately suppressed in a wireless power 
application thereby relaxing the design requirements for an EMI filter. While legally this may 
follow the letter of the regulation, practically it is a path for potential disaster since products 
guch as smart phones already include NCF functionality which may render it inoperable due to 
the presence of a wireless power feature. 


(94), Roman, R. Paxman, N. Zou, Y. Nakagawa , J. Cho, "Inductive Wireless Power Regulations,” Mireless Power Summit, 
Berkeley CA, US.A., November 2014. 


iN European Norm. ENSSOI1 Group 2 Class B. 
16] FCC Code of Federal Regulations Tile 47, Vo. 1, Part 18 B (Industrial, Sientifi, and Medical Equipment, 1998 


A Electromagnetic Compatibility (EMC), European Directive (2004/108/EC). 


IPCC Code of Federal Regulations Tile 47, No.1 Part 1310 (Radiofrequency ation exposure limits). 
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Radiated EMI Overview 

A radiated EMI system is comprised of five basic components: 1) a source, 2) a transmission 
path, 3) a radiator (antenna), 4) a receiver, which is defined as a circuit that can be corrupted, 
and S) EMI standards, which set the limits for radiated electro-magnetic energy. Filtering is not 
considered a component of an EMI system but rather a means to limit the magnitude of EMI 
radiated within a specific frequency range. 


The receiver should not be confused with the intended receiver for EMI testing, but rather any 
receiver (circuit) that can be corrupted by unwanted frequencies and energy. It is also important 
to note that a far-field receiver, such as one that would be defined for radiated EMI standards, 
cannot distinguish whether a source is H-field or E-field generated. 


The absence of any one of the EMI system components results in no radiated EMI, however 
given the presence of the radiated EMI standards and associated receivers, the EMI problem 
falls solely on the product itself. The further back in the sequence the radiated EMI is addressed 
in the product, the greater the benefit and easier it becomes to abate the EMI and to comply with 
the standards which comes with an associated reduction in costs. 
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The Radiator in Wireless Power Systems 


In a traditional power electronic product, the EMI radiator can be a combination of circuit 
boards, cable harnesses, and ports. Although this is true for a wireless power product as well, 
the source coil becomes the main radiator due to its size, construction and function. Hence we 
will not discuss the EMI radiators from the balance of the wireless system, as it falls into the 
same category as a traditional power electronic solution, and classic solutions [9.9]-[9.11] can 
be employed for abatement. It is still an important component of radiated EMI abatement and 
must be addressed and considered during design and compliance testing as a potential additional 
source of EMI. 


The source coil is simply a large inductor with high impedance. Current is injected into the coil 
by the amplifier, and assisted by series-tuning the coil with a capacitor to yield low impedance. 
This series-tuning capacitor is not part of the radiator itself, but is still a crucial element in this 
part of the circuit. The current in the coil generates an H-field that will radiate; therefore any fre- 
quency present in the current will also be present in the H-field. Most of those frequencies will be 
unwanted and must be prevented from being present in the current prior to entering the source 
coil. Since there is current present in the source coil inductance, it will have a corresponding 
voltage (V,) associated with it, despite having a ground reference. It is furthermore not possible 
to ground reference the entire coil, and hence the coil will also serve as an E-field radiator. 


In addition, voltage (V,) generated by the amplifier couples directly through the series-tuning 
capacitor, which provides a low impedance path from the output of the amplifier to the coil and 
adds to the voltage (V,) generated by the coil current. This will exacerbate the radiated EMI 
Problem due to the increase in unwanted magnitude and frequency content in the E-field, which 
"considered the most difficult to abate. 

19.9} On-Sem 


July 291] mieonductor, “A Solution for Peak EMI Reduction with Spread Spectrum Clock Generators,” Appl. Note AND901S5, 
(9.10} Intel, “Deg: 
(91 ; ~ Design for EMI,” Appl. Note AP-589, February 1999, 


Thesis, pg ss Schneider, “Design Considerations to Reduce Conducted and Radiated EMI,” College of Technology Masters 
"Per 4, 2010, [Online] Available: http://docs.lib,purdue.edw/techmasters/4 
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EMI Source 


The source is the first component in a product’s radiated EMI chain, and it is the switching 
devices in the amplifier that generate the majority of the emissions. Passive components can 
only act to resonate, filter, and conduct unwanted frequencies. This means that the difference in 
generated EMI can be largely attributed to the amplifier’s topology. 


The two topologies that will be investigated, using the same source coil and operating conditions, 

are class E and ZVS class D, Both topologies have one coil connection that is ground referenced. 

A popular technique to increase amplifier output power is to use a differential version of the 
amplifier, so we will explore the question of whether the differential versions radiate lower 
EMI relative to the single-ended versions. This is important, as both the low- and high-power 
versions are subject to the same radiated EMI standard limits, making it harder to comply with 

the standard at higher power levels. The exercise will also be used to identify frequencies within 
the radiated EMI spectrum that pose significant challenges for compliance. 


Lastly, opportunities for mitigating radiated EMI will be investigated. Specifically, we will look 
at how transmission lines, inherent in a design, contribute to radiated EMI propagation into the 
source coil, 
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Single-Ended Class E EMI 
First we analyze, by simulation, the single-ended class E amplifier driving an equivalent circuit 
A4WP class 3 compliant source coil set to deliver 14 W into the load. This load power was 
chosen based on a high-probability operating condition for such a source coil, and the full circuit 
was simulated in LTspice [9.12]. 


Special precautions were taken in the simulation to ensure exact timing, thereby avoiding 
post-simulation Fourier analysis aliasing and transient-related issues. The current in the coil and 
voltage across the coil, which included the reflected load resistance, were measured, and their 
frequency content processed. 


The time domain results for both the source coil current and voltage are shown in the upper 
graph, and both appear to be very clean waveforms dominated by the fundamental frequency. 
By performing a Fourier analysis on the waveforms from 1 MHz through 1 GHz, it becomes 
clear that both waveforms have significant frequency content. 


As predicted, the current harmonic content will be fully present on the voltage waveform, 
with additional frequencies and corresponding magnitudes. High-magnitudes of even-order 
harmonics on both the current and voltage waveforms are present. These harmonics are 
considered the most difficult to reduce and bring within acceptable limits. The difficulty is that 
even-order harmonics impact the fundamental frequency asymmetrically and can cause power 
fluctuations. Even-order harmonics are present in a class E amplifier due to the dual resonant 
frequency structure of the topology. 

0.12] Linear Technology, LTspice Design Simulation and Device Models, [Online] Available: www.linear.comiltspice 
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Differential Class E EMI 


Next we analyze the differential-mode version of the class E amplifier in a similar manner as with 
the single-ended class E case. Again the LTspice [9.13] simulation and analysis is performed, where 
the amplifier drives an equivalent circuit A4WP class 3 compliant source coil set to deliver 14 W 
into the load. The same special precautions were taken in the simulation to ensure exact timing, 
thereby avoiding post-simulation Fourier analysis aliasing and transient-related issues. 


The time domain results for both the source coil current and voltage are shown in the upper graph 
and both also appear to be very clean, as in the case of the single-ended amplifier. By performing 
a Fourier analysis on the waveforms from 1 MHz through 1 GHz, it becomes clear that both 
waveforms also have significant frequency content. 


As predicted, the current harmonic content will be fully present on the voltage waveform with 
additional frequencies and corresponding magnitudes. Present are high magnitudes of even-order 
harmonics in both current and voltage. However, in the case of the differential-mode version, the 
magnitude of the even-order harmonics is lower as compared with the single-ended case. This is 
due to the differential structure of the amplifier which brings some measure of symmetry into the 
system. But, as can be seen from the results, it is still insufficient to completely eliminate and ensure 
radiated EMI compliance. Due to the higher power capability of the differential-mode amplifier, 
the second-order harmonic issue will be approximately of equal magnitude to that of a single- 
ended amplifier operating at half the output power as compared with that of the differential-mode 


[9-13] Linear Technology, LTspice Design Simulation and Device Models, {Online} Available; www.linear,conv/tspice 
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Single-Ended ZVS Class D 

Next we analyze the single-ended ZVS class D amplifier. Again, the LTspice simulation and 
analysis is performed where the amplifier drives an equivalent circuit A4WP class 3 compliant 
source coil set to deliver 14 W into the load. 


The time domain results for both the source coil current and voltage are shown in the upper graph. 
The current and voltage waveforms appear to be very clean with the exception of the voltage 
waveform during the amplifier output transition. This is due to the low impedance of the tuning 
capacitor and amplifier output together with the high impedance of the source coil that allows 
the output voltage transition of the amplifier to appear on the source coil voltage waveform. 
Performing a Fourier analysis on the waveforms from 1 MHz through 1 GHz shows that both 
waveforms also have significant frequency content. 


Again, as predicted, the current harmonic content will be fully present on the voltage waveform 
with additional frequencies and corresponding magnitudes, In the case of the ZVS class D amplifier, 
the significantly lower magnitude of even-order harmonics in both current and voltage compared 
to the class E amplifier is notable. This is due to the symmetrical nature of the amplifier and was 
further found to be independent of variations in duty cycle that may arise from propagation 
mismatch due to various components in the circuit, 

The radiated EMI content in the frequency range from 50 MHz through 300 MHz is higher than 
the class E amplifier due to the rapid voltage transition of the amplifier output. Since this frequency 
rae is significantly higher than the operating frequency, it should not pose too much of a 
- *nge to reduce for radiated EMI compliance. However, caution should be exercised with EMI 

"gation techniques as they can affect the tuning of the source coil. 
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Differential-Mode ZVS Class D EMI 


The differential-mode ZVS class D amplifier is the last to be analyzed. Again, the LTspice 
simulation and analysis is performed where the amplifier drives an equivalent circuit A4WP 
class 3 compliant source coil set to deliver 14 W into the load. 


The time domain results for both the source coil current and voltage are shown in the upper graph. The cur- 
rent and voltage waveforms appear to be the same as those of the single-ended case. Performing a Fourier 
analysis on the waveforms from 1 MHz through 1 GHz, it becomes again clear that both waveforms also 
have significant frequency content. 


As predicted, the current harmonic content will be fully present on the voltage waveform with 
additional frequencies and corresponding magnitudes. Similar to the case of the single-ended ZVS 
class D amplifier, the magnitude of even-order harmonics in both current and voltage waveforms is 
significantly lower than compared to the class E amplifier. The differential-mode version of the ZVS class 
D amplifier is also symmetrical in nature, with the same advantages as the single-ended version, such as 
independence from variations in duty cycle that may arise from propagation mismatch of various 
components in the circuit. In this analysis, different dead-times and device characteristics were intentionally 
added to increase the likelihood of even-order harmonic generation, which was not the case for the 
differential-mode class E analysis. 


The radiated EMI content in the frequency range above 300 MHz is lower than the single-ended INS 
class D amplifier due to half the magnitude of the voltage transition at the amplifier output with respect 
to ground for the same load power. Since this frequency range is significantly higher than the operat"® 
frequency, it should not pose too much of a challenge to reduce for radiated EMI compliance, Hi 
caution should be exercised with EMI mitigation techniques as they can affect the tuning of the 
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EMI Filter Design Criteria 

Adding an EMI filter is inevitable to ensure product radiated EMI compliance, so let’s look at the 
special design requirements for such a filter and where it should located within the configuration 
of the system. The EMI filter will need to be placed between the amplifier and the tuning circuit 
for the coil, if no adaptive matching circuit is needed. At this location, traditional EMI filter 
design techniques will significantly impact the tuned coil impedance as the filter circuit, made up 
of passive elements, essentially becomes part of the tuning circuit. Therefore an ideal EMI filter 
design for wireless power needs to have the following characteristics: 


* The filter must have no insertion loss at the fundamental frequency, 6.78 MHz in this case. This 
will keep losses introduced by the filter low. If power loss in the filter is high, then that will 
impact the entire system efficiency. 


* The filter cannot have gain at the fundamental frequency, 6.78 MHz in this case, unless this is 
intentional as this can severely impact the operating point of the amplifier. Adding gain to the 
filter also complicates the design and in some cases it may become impossible to find a solution. 


* The filter must have high insertion loss outside the fundamental frequency, 6.78 MHz in this 
case, particularly above the operating frequency. This may be difficult to achieve near the fun- 
damental frequency as practical filter circuits have finite attenuation change rates. 


* The filter must not impact the tuned coil impedance so that operation and compatibility with the 
amplifier remain unaffected at the fundamental frequency, 6.78 MHz in this case, 

These desi 
of 6.78 M 
ble; 


ign criteria translate into quantifiable terms for the filter at the fundamental frequency 
MHz. Both the filter input (Z,;) and output (Z2:) impedances need to be as high as possi- 
as aT in the ideal case, will become open circuit or infinity. Practical values of 1k Q or higher 

orall ie This essentially makes the filter a load impedance pass through at 6.78 MHz. 
Propo other frequencies, particularly above the operating frequency, the filter impedance change 
“onally based on the attenuation characteristics of the filter. : 
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EMI Filter Design Challenges 

The major design challenges for a wireless power EMI filter start with harmonics close to the fundamental 
frequency. If the magnitudes of the 2 and 3° order harmonics are high, then the required filter order 
will increase to meet the attenuation specifications. The higher the filter order the higher the cost, 
complexity of design, and difficulty to meet the wireless power special design requirements. From the 
analysis comparison between the class E and ZVS class D amplifier EMI generation, the class E amplifier 


generated significant 2™ and 3" order harmonic content essentially adding one or two filter orders to the 
EMI filter design compared to that needed for a ZVS class D amplifier. 


Most designers require a load (R,) and source (Rs) impedance to design a filter. For wireless power this 
is not a simple parameter to specify. The load impedance for a wireless power system varies significantly 
due to the coil impedance specifications. The choice of amplifier also affects the source impedance. In 
the case of a class E amplifier, the source impedance is relatively high and was approximately 86 Q in 
the example used in chapter 7, and is dependent on the specific design. The source impedance can be 
reduced by operating the class E amplifier in parallel mode [9.14], but there are limits as to how far it 
can be reduced, In the ZVS class D case, the source impedance is very low at approximately 1 Q or less. 
This makes the ZVS class D amplifier less sensitive to load impedance, until the load impedance also 
becomes very low, but makes it difficult to choose an applicable filter characteristic impedance. Choosing 
a low source impedance can lead to strange and unrealizable results, The solution is to always choose the 
source impedance to be the same as the selected load impedance. 


Finally, the EMI filter should have minimal impact to the tuned coil impedance at the fundamental 
frequency only, 6.78 MHz in this case, In some cases the filter can cause impedance inversion similar 
to the effect of the “transformer” between the device and source coils. This can cause high power 
requirements to occur at low impedance, leading to significant increase in losses for the amplifier by 
increasing supply current requirements, 


{9.14] A. Grebennikoy, “Load Network Design Techniques for Class E RF and Microwave Amplifiers,” High 
Electronics, vol. 3, pp. 18-32, July 2004 
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EMI Filter Design Methodology 


The procedure to design an EMI filter begins by drafting the filter specifications. The stop-band defines 
the required attenuation starting at a specific frequency, which most likely will be the 2 harmonic at 
13.56 MHz. The pass-band can either be the minimum specification for the fundamental frequency such as 
0.2 dB, which is 6.78 MHz in this case, or the -3 dB point at a frequency slightly above the fundamental 
such as 7.2 MHz. The choice of pass-band specifications depends on the choice of the type filter. 


Next suitable filter type will need to be selected. There is a strong correlation between the filter type, filter 
order, and attenuation that can be achieved. Also, some filters may not be suitable for use with wireless 
power. These aspects will become clearer in the subsequent discussion. 


The characteristic impedance (Zp) for the filter plays an important role in the design, but as mentioned 
previously, takes on a new meaning for wireless power due to the variable impedance load (Zcoi Tuned)» 
The choice of filter impedance in this design procedure will focus on using the same value for both the 
source and load, with the load characteristic driving the value. This will most likely not work for a 
class E amplifier-based filter design, but for this case it is easier to determine a usable source impedance. The 
criteria for the selection the filter characteristic impedance will be discussed later. 


Once the filter specifications have been drafted the design of the filter can begin. This is a two-step process 
where first the Laplace transform of the voltage transfer function H(s)=Vour(s)/Viy(s) is calculated based on 
the chosen filter. Using the transfer function, it can be converted into an equivalent passive network. This is 
the most difficult step and can be further complicated by the requirements for wireless power. 

Once the filter has been designed, it will need to be adapted for wireless power. If this step is omitted it could 
result in a filter with a transfer function that meets the specifications but will most likely fail the input (Z,,) 
and output (Zy) impedance requirements, This step is critical to make sure the filter will be capable of fulfill- 
Ing the radiated EMI reduction requirements while remaining compatible with the wireless power system. In 
“ome cases, the filter design may need to be revised and corrected until it meets all the required specifications. 
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Determination of Filter Specifications 


The first step in the design of the EMI filter is to determine the appropriate specifications. This is an 
important step, as choosing an attenuation that is too high can add complexity to the design and 
unnecessarily increase the cost of the filter. 


The procedure will use a single-ended ZVS class D amplifier, and the reference EMI will be the coil 
voltage, as it contains higher magnitude and frequency content than the coil current. The frequency 
content of the coil voltage is shown in the graph (blue trace) together with the adjusted EMI limits 
(orange and red traces), The adjusted EMI limits were determined from measurement of various similar 
power level wireless power amplifiers, and the EMI limits adjusted from dBpV to dBV as if it were 
measured directly across the coil terminals. 


In this example 6.78 MHz will serve as a reference for the first frequency specification of the pass-band 
of the filter, and a maximum attenuation of -0,2 dB is desired, Next the stop-band needs to be specified, 
and in this example the 2 order harmonic at 13.56 MHz appears with a magnitude of -30 dBV. Using 
the standard as a reference point, the minimum required attenuation will be -24 dB. Allowing for margin, 
the filter will specify -30 dB for the stop-band attenuation. 
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Review of Filter Transfer Characteristics 


Using the filter specifications, a low-pass filter type needs to be selected. The transfer functions 
of four types of filters are shown in the graph [9.15], each as a 5“ order realization. The target 
pass-band and stop-band frequencies have been highlighted using a black dashed line together 
with the minimum stop-band attenuation of -30 dB. From this graph, it can be seen that the 
Butterworth filter does not meet specification despite being a favorite due to its flat pass-band 
characteristic, All the other filters types, Chebyshev Type I and II and Elliptic, meet the minimum 
stop-band requirement and will further be considered for the design. 


(9.15 PP ; 
thn J. Orfanidis, “Lecture Notes on Elliptic Filter Design,” Department of Electrical & Computer Engineering Rutgers 


¥; November 20, 2006, [Online] Available: http:/;www.ece.rutgers.edw~orfanidi/eceS2/notes.pdf 
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Review of Suitable Filters for Wireless Power 
A suitable passive element filter network now needs to be selected from the remaining filter types. 


The Butterworth and Chebyshev Type filters have infinite zeros [9.16] and can be realized using the First 
Cauer Form I (9.17, 9.18] ladder network or the Dual thereof shown on the left. These filter networks 
use the least number of components, with the Dual of the First Cauer Form I network having the least 
number of inductors. The lower inductor count of a filter results in lower insertion losses in the pass- 
band. Unfortunately, the Dual of the First Cauer Form I network has a capacitor on each end, where one 
will connect to the output of the amplifier, and the other will connect in parallel with the tuned coil. Since 
the coil has already been tuned, the impact of the shunt capacitor on the output of the filter will be small, 
even for capacitor values as high as a few nF’s. Unfortunately, the shunt capacitor across the output of the 
amplifier poses several issues, with the most severe being dramatically increased amplifier losses. So the 
Dual of First Cauer Form I network is not suitable for wireless power. The First Cauer Form I network, 
on the other hand, has an inductor on each end. Series inductors are easily tuned out for the coil and thus 
this implementation of the filter is well suited for wireless power. 


The Chebyshev Type Il and Elliptic filters have zeros located on the imaginary axis, meaning they have finite 
zeros. This is used to increase the attenuation from the pass-band to the stop-band at a higher rate than is 
possible with the Butterworth or Chebyshev Type I filters. This comes at the expense of ripple in the stop 
band, which in most cases is manageable. The Chebyshev Type II and Elliptic filters can be realized using 
the First Cauer Form I with Foster Form II modification [9.16], also known as shunt resonant. These shunt 
elements, however, pose significant design challenges when used in wireless power, as they are not tuned 
open circuit at the fundamental frequency, 6.78 MHz in this case, and thus interact with the impendence of 
the tuned coil, Therefore, this implementation is also not suited for wireless power. 
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Review of Suitable Filters for Wireless Power - continued 

The Elliptic filter can also be realized using the Dual of the First Cauer Form I with Foster Form I 
odification [9.19], also known as anti-series resonant. Again, this implementation results in capacitors 

a each end of the filter in addition to series tuned tank networks. The series tuned networks are also 

not tuned to the fundamental frequency, 6.78 MHz in this case, but this is less of a problem than the 

shunt resonant case because each of the series tank networks appears as an inductor at the fundamental 

frequency. These can be further tuned out with a series capacitor, but now the complexity of the filter is 

getting too high. 

So the only remaining filter network realization suitable enough for the EMI filter is the Chebyshev 

Typelasa First Cauer Form I realization. 


(9.16) J. Grimbleby, “Analog Filter Design,” University of Reading, School of Systems Engineering, Electronic Engineering, 
Lecture SE2A2 Signals and Telecom, [Online] Available: http:/www,personal.rdg.ac.uk/~stsgrimb/teaching/filters.pdt 
pn J. E, Colgate, “The Control of Dynamically Interacting Systems,” PhD Dissertation at the Massachusetts: Institute of 
tchnology (MIT), Chapter 6, August 1988, [Online] Available: http://colgate.mech.northwestemn.edw/Website_Articles/ 
tion/Chapter_6.pdf 
pu) A. J. Casson, E, Rodriguez-Villegas, “A Review and Modern Approach to LC Ladder Synthesis,” Joumal of Low Power 
Tey and Applications, Appl. 2011, 1, 20-44. 
19) P. Amstutz, “Elliptic Approximation and Elliptic Filter Design on Small Computers,” IEEE Transactions on Circuits and 
Systems CAS-25, No,12 (December, 1978). 
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Filter Impedance Determination 


Filter Impedance Determination 


Before the filter component values can be determined, the characteristic impedance (Zo) for the filter 
needs to be specified. For a wireless power system this is not easy to do as the load impedance is 
highly variable and can have a value anywhere from 1 Q through 300 Q, depending on the power 
level of the system and specific characteristics such as coil size, device to source separation, and 
number of devices. Also, as previously discussed, the choice of amplifier will have an impact on 
source impedance. In the case of the class E amplifier the source impedance can be higher or lower 
than the load impedance. For the ZVS class D amplifier, the source impedance is stable at a low value, 
typically less than 1 Q. 


The implications for the choice of characteristic impedance of the filter are that ; high value will lead 
to inductors with high values, with high resistance leading to high losses. Ac cl 
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First Pass Filter Realization 

The design specifications for the 5® order Chebyshev Type I filter have been determined and can 
be used to calculate the Laplace voltage transfer function H(s) of the filter as shown in the graph. 
The transfer function reveals that the filter potentially exceeds the attenuation requirements at the 
2™ harmonic. 

Using a characteristic impedance of 20 Q and inductor quality factor of 75, the passive elements 
can be determined that can be implemented using the First Cauer Form I shown in the upper left. 
The component values are given in the upper right with values that can easily be selected from 
standard values and will yield a low loss filter. 
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Impact of Filter on Coil Impedance 

The designed filter input (Z,;) and output (Z2,) must now be checked for compatibility with the 
wireless power coil. The original impedance variation for the coil is shown in green for three reactive 
impedance settings of -20j Q, 0} Q and +20j Q, each over a real impedance range of 2 Q through 
56 Q representing a portion of the A4WP class 3 impedance requirements, 


The filter is then connected to the coil and the impedance measured looking into the filter towards 
the coil. The results show a dramatic shift in impedance, shown in red, such that the filter effectively 
renders the wireless power system useless, and it can no longer deliver power as various power points 
become extremely difficult to determine and track. 


The filter design must therefore be modified to become compatible with the wireless power coil. 
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Filter Modification for Minimal Impact on Coil 

There are two areas in the filter that require changes in order to re-align the impedance for the wireless 
power coil. The idea is to make the shunt capacitor branches open-circuit and series inductor branches 
short-circuit at the fundamental frequency of 6.78 MHz. Making the shunt capacitor branches 
open-circuit reduces all the series inductor branches to a single inductor and thus only needs to be 
dealt with once. 


Adding an inductor in parallel to the shunt capacitor and tuning it to 6.78 MHz effectively makes that 
branch an open-circuit at 6.78 MHz only. Doing so will shift the original filter point, and this needs 
to be re-compensated for by calculating the original branch frequency impedance. So, if that branch 
was designed for 15 MHz with an impedance of 15 Q, then then the value of the capacitor needs to 
be increased so that the impedance at 15 MHz.is again 15 Q, as it originally was without the inductor. 


Adding a series capacitor to the series inductor branch, and tuning it to 6.78 MHz, effectively makes 
that branch a short-circuit at 6.78 MHz only, Unlike the shunt case, adding the series capacitor does 
Not need to be re-compensated as it is effectively connected in series with the series tuning capacitor 
(Ca) of the coil, 

Applying this method, the revised schematic of the filter can be derived and is shown in the upper left, 
with the revised component values in the upper right. The revised filter performance is shown together 
with the original filter performance, The important markers show that the revised filter still meets the 
design Tequirements for the filter. The peaks in the transfer function of the modified filter fall between 
frequencies generated by the amplifier and should therefore not pose any issues when implemented, 
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Impact of Modified Filter on Coil Impedance 


The modified filter input (Z,,) and output (Z.) must now again be checked for compatibility with the 
wireless power coil. The original impedance variation for the coil is shown in green for three reactive 
impedance settings of -20j Q, 0j Q and +20} Q, each over a real impedance range of 2 Q through 
56 Q representing a portion of the A4WP class 3 impedance requirements. 


The filter is then connected to the coil and the impedance measured looking into the filter towards the 
coil, shown in red. The results show that the modified filter has a small impact on the impedance of 
the coil and mainly increases the real component of the impedance. This is expected as the filter has 
losses which were included in the modelling. 
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Modified EMI Filter Performance Review 
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Modified EMI Filter Performance Review 

Now that the filter has been designed it needs to be evaluated for EMI performance. Again, the 
LTspice simulation and analysis is performed where the amplifier drives an equivalent circuit A4WP 
class 3 compliant source coil set to deliver 14 W into the load. 


The graph shows the original single-ended ZVS class D system coil voltage spectrum with no filter 
attached in blue. The adjusted EMI limits are also shown in the graph with the orange and red traces 
as presented at the start on the filter design discussion. The coil voltage with the filter attached is 
shown in green and reveals a significant drop over most of the frequency band. 


First, the performance of the filter is checked against the key design parameters. The pass band 
attenuation is 0.9 dB, which is higher than the 0.2 dB specified. This is due to the quality factor 
value used for the inductors increasing the impedance and contributing to insertion loss in the 
pass-band, For the stop-band, an attenuation of 23 dB was achieved, which also fell slightly short of 
the target of 24 dB minimum, again due to inductor quality factor and the wireless power compatible 
modifications required, 

Relative to the EMI standard, the filter still has good margin of attenuation in the stop-band for all 
but one frequency at 20 MHz (3 harmonic), Additional tweaking can correct the filter over the 
entire frequency band, Overall, most harmonics can be reduced by at least 50 dB. Most importantly, 
this filter design can operate with the wireless power coil with minimal impact to the impedance, 
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Common-Mode Implementation of the EMI Filter 


Addressing Common-Mode Filtering 
Up to this point only differential-mode EMI abatement has been discussed. For any electronic circuit, the 
EMI regulations will need to address common-mode EMI, and wireless power is no exception. 


Again traditional common-mode EMI solutions are largely not compatible with the tuned wireless power 
coils for the same reason as in the differential-mode case. However, the differential-mode filter solution can 
be adapted to address common-mode filtering. This can be done by creating a second differential-mode 
EMI filter for the second amplifier connection; essentially a mirror image. Each current path is now filtered 
so common-mode current can be filtered too. If additional common-mode filtering is required, a common- 
mode choke (L;,) can be added for the output inductor (L;). This common-mode choke can add significant 
inductance to the common-mode path that significantly increases common-mode filtering, and offers some 
inductance for each of the differential mode paths that can combine with the output inductor (L3). 


The filter order with common-mode capability has now doubled to 10 in this example, and is most likely 
too high, adding unnecessary cost and complexity to the circuit, The filter order can therefore be reduced to 
6 by eliminating one shunt and one series branch from each path shown in the green box. This can be done 
without loss in the stop-band performance, and pass-band attenuation is expected to be lower. The filter, 
however, will need to be completely redesigned because the techniques used to derive the passive network 
differ for a 5“ order filter compared to that of a 3 order filter, 


This technique for establishing a common-mode filter works well for differential-mode topology amplifiers, 
as a third connection becomes available that connects to the ground of the amplifier, For single-ended 
topology amplifiers the return connection (2) is the ground connection, and the mid-point connection of 
the filter (formerly the ground connection) becomes floating, This allows the shunt branches to be reduced 
to two components each, 
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eal Filter Component Selection Criteria 


ctors will be the most challenging component to 
gelect for the EMI Filter. Key characteristics in the selection 


ess are: 


. Self-resonant frequency - This can significantly deteriorate high 
frequency performance 


. Quality factor — Determines the losses and additional impedance 
shift introduced by the filter 


EMI Filter Component Selection Criteria 


Practical EMI filter realization will most likely require air core inductors due to their high quality factors 
relative to equivalent value ferrite core versions. All inductors will exhibit a self-resonant frequency 
[9.20], so this is an important factor to consider when converting the filter design into a practical 
implementation. Given that the filter’s entire frequency range extends up to 1 GHz, all the inductors 
used must have a self-resonant frequency that is higher. Typically the lower value the inductor, the higher 
the self-resonant frequency. If a needed inductor value is not available with sufficiently high self-resonant 
frequency, then it may become necessary to connect in series two smaller inductors that do have a high 
enough self-resonant frequency. Self-resonance occurs due to capacitance between the windings that 
appears in parallel with the inductance. Another technique to increase the self-resonant frequency of the 
inductors is to increase the separation distance between the windings, yielding a more relaxed coil. This 
will decrease the inductance, but that can be increased by adding turns. 


The quality factor of an inductor is important to consider in the implementation of the filter. This 
quality factor represents losses in the pass-band, and for filters with zeros, such as the wireless power 
modified EMI filter, can lead to shifts in impedance, particularly for the shunt branches. 


The inductance value tolerance is another important inductor selection metric as it leads to frequency 
shifting, This is more critical for the shunt branches of the wireless power modified EMI filter, as this 
shift in frequency will result in impedance shifting that can cause the filter to fail the input (Z,,), and 
Output (Z2) impedance requirements, 


(9.29) ness , 
say | © Grea, RF-inductor modeling for the 2ist century,” Electronic Design Magazine (EDN), September 27, 2001, 
{Online} Available: hitp:/m,eet.convmedia/1 142818/19256-159688, pdt 
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EMI Filter Layout Challenges 


Placement of inductors is critical as some may be air core 

and can easily couple. If air core inductors are used close to 
each other, then maintain 90° between their field centers 
to reduce coupling. 
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EMI Filter Layout Challenges 

Of particular importance is the layout of the filter. It is driven by space constraints (as board space 
comes at a premium) and the unwanted coupling between air-core inductors poses challenges, 
Inductors placed side-by-side result in high coupling regardless of the relative field direction as 
shown on the bottom left [9.21]. 


Inductors placed in-line with each other, shown in the bottom center image, will have lower 
coupling than a side-by-side placement, since less of the magnetic field can couple. But, this is stil 
not the best practice unless intentional. 


The preferred placement for the placement of two different inductors is at 90° with respect to each 
other, shown in the bottom right image. This minimizes the coupling between them. 


In addition, and if possible, the distance between the inductors, shown by the black dashed arrows, 
should be increased. The larger the distance between the inductors, the lower the coupling. 


[9.21] “Square Air Core RF Inductors,” AS-Series datasheet, AVX Corporation, [Online] Available; hitps:/wwwave.comders! 
catalogs/assquareaircore.pdf 
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transmission Lines in the Design 


transmission lines can be found anywhere in the circuit 
These transmission lines can be filters or resonators 


Transmission lines affect matching if used to connect the 
source coil to the circuit, which: 


» Will affect tuning 
. Can result in unwanted resonances 


These transmission lines typically have unknown 
characteristic impedance | 


Transmission Lines in the Design 

Transmission lines are the second component in the product's radiated EMI chain. Transmission 
lines can appear anywhere in the circuit by design and, unfortunately, are unavoidable. They are 
mostly short and of unknown impedance, which can lead them to act as filters or resonators. 


Unknown filters and resonators can affect the performance of the amplifier, which is further 
exacerbated by the wide load operating range required by wireless power systems. This means 
that these transmission lines can affect source coil tuning if used in the source coil circuit path, 
and may cause unwanted resonances that can eventually increase radiated EMI. 
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A Transmission Line Example for Coil Connection 


An example will be used to understand the impact of a transmission line in a wireless power 
circuit. In this example, a transmission line has been designed into the circuit to connect the 
amplifier, located in one corner of a circuit board, to the source coil, with connections in the 
center of the board near the edge. This is a common design scenario for an A4WP class 3 
wireless power system. | 


The transmission line may, or may not, be designed with a specific characteristic impedance. 
However, due to the source coil’s nominal current requirements, this design approach will lead 
to printed circuit board traces of significant width that are rated to carry the current and, hence, 
the characteristic impedance will be 50 © or lower. 


The source coil impedance has a wide operating range, thus no design is possible to ensure @ 
matched transmission line to the coil over the entire operating reflected load range. The source 
coil can then be tuned with the inclusion of the transmission line, and one would expect the 
simplified equivalent circuit shown on the left figure. However, using the simplified equivalent 
circuit for a transmission line [9.22], the second-order equivalent circuit is actually shown 0° 
the right. The introduction of the transmission line capacitance (Cpa) creates a shunt 

for current that is essentially tuned to a different frequency as compared to what is } 
This can lead to unwanted resonances, which ultimately will radiate from the source coll. 


[9.22] W. H. Hayt, Jr., Engineering Electromagnetics. McGraw-Hill, 4th edition, 1981. 
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Effect of a Transmission Line on Coil Performance 


Based on the example presented, an experimental single-ended class E amplifier driving an 
A4WP class 3 compliant load was tested. In this case, the load included a printed circuit board 
microstrip transmission line approximately 50 mm in length, and is shorter than what is typically 
encountered in A4WP class 3 compliant systems. The system was set to operate at the optimal 
design point that is on-resonance for the cleanest waveforms to deliver 16 W into the load. 
The measured current in the source coil is shown in the left oscillogram together with the drain 
voltage of the class E amplifier, 


A higher-order harmonic component is clearly visible in the time domain waveform, The trans- 
mission line simplified equivalent circuit capacitance was calculated to be approximately 50 pF. 


Subsequently, the top conductor of this transmission line was removed and replaced with an 
insulated wire, In this case, the transmission line simplified equivalent circuit capacitance was 
teduced to approximately § pF, The same circuit was then operated to the same load conditions 
and re-measured with the results indicating a significant reduction in higher order harmonic 
Content, as shown in the right oscillogram. The importance of understanding the effects of 
ansmission lines in the circuit cannot be overstated as demonstrated in this simple experiment, 
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Radiated EMI Summary 


Analyze the EMI filter requirements to yield the lowest 
order filter 


Filter design requires impedance correction to minimize 
impact on the tuned coil impedance 


Avoid amplifiers that generate high even-order harmonics 
since they are very difficult to remove 


Beware of transmission lines as these can resonate at 
unwanted frequencies 


Radiated EMI Summary 

Both class E and ZVS class D amplifier topologies using eGaN FETs were evaluated for 
radiated EMI generation and propagation. The faster transients of eGaN FETs compared to 
MOSFETs yield higher frequency generation, particularly when the amplifiers operate with the 
source coil off-resonance and with non-ideal reflected load resistance. These higher frequencies 
are beneficial, since the higher the unwanted frequencies are relative to the fundamental, the 


easier it becomes to filter them out for radiated EMI compliance. The higher frequencies are 
since the manner in which the source coil is tuned 


more important for wireless power systems, 
tes energy from the amplifier to the 


contributes to creating a low impedance path that propaga' 
source coil. 

Also, it was shown that both implementation modes (single-ended and diffe 
class E amplifier fundamentally generate high magnitudes of even-order harmonics which are 
very difficult to remove, particularly if the frequencies are close to the fundamental. The ZNs 
class D amplifier, however, generates significantly lower magnitude even-order harmonics, 
making it a cleaner choice with respect to radiated EMI. 

The design process for an EMI filter was presented and began by defining the requirements for 
the pass and stop bands, Here the choice of requirements drives the filter order and ultimately 
the complexity and cost. 
The filter design must be adapted for use with wireless power as it is insufficient to only regard 
traditional transfer function performance. For wireless power EMI filters, it will nearly always 
be required to adapt the filter to meet the impedance requirements imposed by the coil. 
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Radiated EMI Summary - continued 


lifiers that generate high magnitudes of low frequency harmonics should be avoided, as the 
Amp’ he frequency needed to be filtered out is to the fundamental, the harder it becomes to 
closer the filter, Comparing a class E amplifier to a ZVS class D amplifier, 2 order harmonic 
a is significantly lower for the ZVS class D amplifier, making it a better choice, 

gen 


effect of transmission lines in the design of a wireless power product was also investigated 
. cific example that showed, due to the mismatch between amplifier output impedance, 
hee ion line characteristic impedance, and source coil reflected impedance, unwanted 
is can be stimulated by the transmission line and radiated by the source coil. The 
ean transmission lines in the design must therefore be carefully considered and unwanted 
Seances must be adequately dealt with prior to being supplied to the transmission line. 
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Multi-Mode Wireless 
Power 


e presence of multiple wireless power standards 
(Qi, PMA and A4WP) results in: 


. Confusion for end-users 
« The loss of inter-operability 


We want universality of wireless power transfer, similar to WiFi 
Is inter-operability among the standards possible? 


The Current Wireless Power Experience 


Wireless power transfer is a relatively new concept that has only recently gained attention as being 
commercially viable. Unfortunately, there are already a multitude of wireless power standards 
that have emerged. These competing standards serve to hinder adoption of this technology, as 
they lead to end-user confusion and loss of inter-operability. What the end-user seeks is something 
simple, similar to their WiFi experience. No matter where in the world one is, WiFi works. 
The question now arises that if inter-operability among the various wireless power transfer 
standards is possible, can that lead to WiFi-like experience for wireless power transfer? 
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Similarities Between the Wireless Power Standards 


To begin answering the question of inter-operability, we need to take a look at the wireless 
power system architecture. This is important to determine similarities between the architectures 
of systems among the various standards, Also, it is important to know whether there is enough 
overlap among them to potentially permit them to be used in a multi-mode system. 


In general, all the wireless power systems have similar structures made up of an amplifier, a 
coil-set, and a receiver that includes a rectifier. This general system is shown in the above figure. 


In addition, the power of each of these systems needs to be similar. The Qi standard [10.1] can 
now operate up to 15 W output power and the PMA standard [10.2] can operate up to 5 W 
output power. The A4WP category 3 device [10.3] is rated at 6.5 W and the category 4 device 
is rated at 13 W. These similarities between the various wireless standards are enough to set the 
stage for a multi-mode approach. 


[10.1] “System Description Wireless Power Transfer,” Vol. i: Low Power, Part 1: Interface Definition, Version 1,2, June 2015. 
[10.2] Power Matters Alliance, [Online] Available: www.powermatters.ong 

[10.3] AdIVP Wireless Power Transfer System Baseline System Specification (BSS), A4WP-S-0001 v1.3.1, Febeuary 25, 2015. 
___ 
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Differences Among the Wireless Power Standards 


Having determined the similarities among the various wireless power standards, now the 
differences need to be established. Both the Qi and PMA standards make use of “tight coupling” 
between the source and device. Tight coupling is required for systems using electromagnetic 
induction and are therefore primarily non-resonant. However, recently the Qi standard was 
updated to include some form of resonance to improve operation and efficiency of both the 
amplifier and system. These systems operate at a relatively low frequency range from 100 kHz 
through 315 kHz. 


The A4WP (Rezence) standard makes use of “loose coupling” between the source and device, 
and therefore requires resonance to operate efficiently. The A4WP standard operates at a single, 
narrowband frequency of 6.78 MHz, which is more than an order of magnitude higher than 
the Qi and PMA standards, This large difference in frequency can be used for automatic coil 
selection that will further enable an inexpensive multi-mode approach. 
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Multi-Mode — Coil Selectivity 


Next, we need to take a look at how to implement a multi-mode wireless power system. Proposed 
solutions begin by having a device that can operate with any of the transmit system formats, 
Inthisvision, any multi-mode device could be placed on any standard source and function correctly, 
Unfortunately, this does not solve the problem of legacy, where there are devices that conform 
to only one standard. To solve this problem, a multi-mode source is proposed that can accept 
any device standard [10.4]. This is the approach that is preferred and will be presented here. 


The design of a multi-mode source begins with the coils, using one of the standards. In the above 
figure, an A4WP standard class 3 source coil is integrated with a coil that complies with both 
the Qi and the PMA standards, as shown on the right. The Qi and PMA coils are very similar, 
allowing a single coil to be used for either standard. The smaller coil requiring tight coupling 
is placed on top of the large coil that can operate with loose coupling. Each of the coils can be 
energized independently, although this is expensive since it requires two amplifiers. 


To overcome the need for two amplifiers, the coils can be decoupled and then connected in 
parallel, as shown in the figure on the left. A parallel resonant tank circuit (Z,,), comprised of a 
capacitor (C,,) and inductor (Lp), is selected to be resonant at high frequency, 6.78 MHz in this 
case. This parallel tank circuit becomes high impedance at the high frequency, thus allowing the 
current to flow only in the high frequency circuit. The parallel tank circuit also prevents the high 
frequency voltage developed across the low frequency coil (Lyx.93), which is magnetically cou- 
pled to the high frequency coil (Lijr.0i), from generating a current in the low frequency branch. 


For low frequency operation, the capacitor (Cy) will have a high impedance and thus act in the 
same manner as the resonant tank circuit (Z;,), blocking low frequency current from flowing in 
the high frequency branch. The inductor (Lis) has a relatively small value compared to the coil 
inductance (L;y.9i) thereby contributing little to degradation in performance for low frequency 
operation. 
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Multi-Mode ~ Coil Selectivity - continued 


parallel combination of the two branch circuits can be driven using a single source 
where only the difference in operating frequency determines which coil will carry current. 
ince some amplifiers generate a DC offset on the output, a DC blocking capacitor 


Finally, § : 
(Coonna) #8 added. This is only needed if the low frequency coil will not be tuned as per the Qi 


standard. 

One point of note for a multi-mode system concerns a multi-mode source that is paired with 
a multi-mode device, In this case, the system should default to the A4WP standard so that it 
allows multiple devices to be powered from the multi-mode source. 


Now the 


(104) V. Murato 
_"' Muratov, “Multi-Mode Wireless Power Systems can be a Bridge to the . . 
ig," Wireless Power Summit, Betkeley CA, US.A., November 201 ie Promised Land of Universal Contactless 
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Multi-Mode Amplifier 


Now that the coils of the various standards have been integrated, a single amplifier that can drive 
them needs to be found. Only amplifiers that do not rely on resonance for high efficiency operation 
can be used. This requirement immediately eliminates the class E amplifier as it will be difficult and 
expensive to implement a dual resonant frequency mode, and the additional cost is about the same as 
adding a second amplifier to drive the second coil. 


The solution is to use the ZVS class D amplifier, as it is does not rely on-resonance for high efficien- 
cy operation, and it has a low impedance output at both frequencies. The only modification to the 
ZNS class D amplifier required is to switch in and out the ZVS tank circuit used for the zero voltage 
switching of the switch-node. This must be done since the ZVS inductance used for high frequency 
will lead to excessive currents at low frequency. Fortunately, this adaptation adds minimal cost to the 
overall system. Since the ZVS tank disconnect switch (Q;) does not switch at high frequency and can 
be driven directly from logic. The EPC2036 [10.5] or EPC2037 [10.6] are well suited for this function 
as they have a very small footprint of 0.9 mm x 0.9 mm and are very low cost. 


eGaN FETs have a proven track record of yielding high efficiency [10.7], [10.8] capability for both 
operating frequencies (300 kHz [10.7] and 6.78 MHz [10.8]) despite operating in the hard-switching 
mode at the lower frequency. 


[10.5] Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2036 datasheet, Apr. 2015 [Online] 
Available: http://epe-co.com/epe/documents/datasheets/EPC2036 _datasheet.pdf 

[10.6] Efficient Power Conversion Corporation, “Enhancement Mode Power Transistor,” EPC2037 datasheet, Apr. 2015 [Online] 
Available: http://epe-co.com/epe/documents/datasheets/EPC2037_datasheet pdf ; 
[10.7] D. Reusch, J. Strydom, and A. Lidow, “Highly Efficient Gallium Nitride Transistors Designed for High Power Density 
and High Output Current DC-DC Converters,” JEEE International Power Electronics and Application Conference (PEAQ) 
pp.456-461, 2014. 

[10.8] A. Lidow, M. A. de Rooij, “Performance Evaluation of Enhancement-Mode GaN transistors in Class-D and Class-E 
Wireless Power Transfer Systems,” Bodo s Power Systems, May 2014, pp. 56-60. 
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Experimental Verification Setup 

eGaN FETs have already been experimentally validated to perform efficiently in A4WP based 
wireless power systems, so next they will be experimentally tested in a WPC Qi setup. Shown is the 
experimental Qi based system that comprises an A29 Qi compliant transmit coil [10.9] with tuning 
network (left), a Qi compliant device coil [10.10] connected to a tuning network, and full-bridge 
Schottky diode rectifier (right). The coils are mechanically connected to each other and the source coil 
connected to a modified EPC9509 [10.11] differential mode amplifier where the ZVS inductors have 
been disconnected and will be operated in bypass mode. The Qi prescribed spacing and alignment 
between the coils is set using Plexiglas spacers and nylon screws. 


The supply voltage to the amplifier will be adjusted to yield the required 7 Vp¢ on the device output as 
per the standard under test #20 for the receiver. The Qi A29 standard states that the source coil must 
be driven by a full bridge converter, hence the EPC9509 was chosen, and operated at a frequency of 
130 kHz. 


Similar to the A4WP system level tests, the experimental Qi setup will be tested and the temperature 
monitored to ensure the devices and/or gate drivers remain below 100°C. Per the Qi standard, the 
supply voltage to the amplifier also cannot exceed 12 Voc. 


[10.9] Warth Elektronik “WE-WPCC Wireless Power Chargi itter Coil,” ine} Avai 
i harging Transmitter Coil,” 760308141 datasheet Online] Availabe:http/ 
Petra iemmpeehonanen aa 
tid Elektronik “WE-WPCC Wireless Power Charging Receiver Coil,” 760308102210 datasheet [Online] Available: 
4 alog.we-online,com/pbs/datashee/760308 10221 0,pdf 
11} [Online] Available: http://epe-co.com/epc/Products/DemoBoards/EPC9509.aspx 
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Experimental Results 


The experimental result of the Qi setup is shown in the graph. The test started with a high device DC 
load resistance that was decreased in discrete steps down to approximately 3.5 Q while the output 
voltage was maintained at 7 V, The black dashed line shows the output power trend for this test. 
The system efficiency, DC input power to the amplifier to the device DC output, including gate driver 
power is shown by the red trace. The peak efficiency is 75% at 1 A load (7 W). The efficiency drops 
off at higher current as the EPC2108 devices used in the EPC9509 need to have a higher current 
rating for this specific source coil to operate at the higher power, and are more suited to operate as a 
single-ended amplifier in this setup. 


This experimental setup demonstrated that eGaN FETs are capable of operating a Qi based coil set 
despite not being correctly sized for this specific application. This was intentional to demonstrate that 
a single amplifier can ultimately be used to realize a multi-mode wireless power system. For a true 
multi-mode system, the coil and amplifier design will need to be closer matched by design, 
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Thermal Performance 

The thermal performance of the EPC9509 amplifier operating the Qi coil set is shown for two power 
levels of 7 W and 14 W. Again, despite the eGaN FETs not being correctly sized for this specific 
application, the devices operate well within target thermal specifications. In this case the peak current 
in the FETs at full power (14 W) was 1.7 A. 
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Multi-Mode Approach Summary 


A multi-mode capable wireless power transfer system: 
* Improves the user experience 


+ Increases the system cost — yet is lower than a muti-amplifier 
approach 


- ZVS Class D supports both low and high frequency modes 


+ eGaN FETs used in the ZVS Class D amplifier will yield the 
highest efficiency at both low and high frequency 


+ Amulti-mode coil structure must be designed specifically for 
the amplifier to yield highest performance for all standards 


Multi-Mode Approach Summary 

An analysis of the various wireless power standards and system architectures has suggested 
that a multi-mode approach is feasible and may improve the user's wireless power transfer 
experience. Unfortunately, a multi-mode approach will increase cost, but these costs can be 
contained with careful planning and design, and are lower than a multi-amplifier approach, 


The ZVS class D amplifier topology is the only topology that supports both modes in a single 
amplifier and still offers high efficiency. The use of eGaN FETs in the amplifier will further en- 
sure high efficiency even when the amplifier is operating at 315 kHz because of their ability to 
operate efficiently in high frequency hard-switching converters. 


A specifically designed multi-mode coil structure is needed to ensure the highest efficiency for 
any of the wireless power modes and must be designed around the amplifier, 
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Control for Wireless 
Power Systems 


The various building blocks for a wireless power transfer 
system have been discussed. Now those pieces need to be 
assembled into a functioning system. What will be covered is: 


« System architecture 
. Feedback measurement techniques 
- Control parameter determination 


« Control strategies 


Wireless Power Control Overview 


us building blocks of a wireless power system have been presented and 


Up to this point the vario 
matching 


discussed and include the amplifier, source coil, device coil, coil tuning, EMI filter, adaptive 
etc. The next step is to assemble the building blocks into a working wireless power system and provide 
an overview of methods to control the system. This discussion will focus on a ZVS class D amplifier 
based solution. What will not be covered is a detailed analysis of feedback control parameters for 
stable operation or an actual implementation, as these fall outside the scope of this work. 


First the system architecture will be presented showing what the various building blocks are, and in 
what order they are assembled. This is needed to be able to draft applicable control strategies. 


| Techniques to measure various operating parameters of the system, such as coil current and coil 
voltage, will be presented. These are needed to accurately determine the tuned coil impedance that, in 
| turn, determines the control method to be applied, such as constant coil current or power limit mode. 


| Having made various operating measurements, the means of converting those measurements into 

| control parameters, such as coil impedance and power phase angle, will then be presented, Techniques 
for coil impedance determination using only the amplifier input power measurement provide accurate 
control parameters only if the amplifier has very high efficiency. It was demonstrated that in constant 
Current mode and low power the amplifier efficiency can drop dramatically, causing significant errors 
in the control parameters that can lead to excessive coil currents, or even failure in extreme cases. New 
techniques for more accurate impedance determination are needed and will be presented. 


Using the control parameters, two control strategies for the ZVS class D amplifier will be then presented. 
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Source System Block Diagram 


Amplifier EMI Filter? Adaptive Tuning EMI Filter2 


Controller Communications 


Source System Block Diagram 


First we present a wireless power system source architecture suitable to realize an A4WP compliant 
product. There are nine major building blocks for this architecture: 


1. Pre-regulator 
2. Amplifier - such as a ZVS class D 


3. EMI filter - for low order harmonics 

4. Adaptive tuning 

5. Second EMI filter - primarily for high frequency 

6. Source coil tuning 

7. Source coil 

8. Controller - typically digital 

9. Communications module - Bluetooth Low Energy (BLE) 
Most of the building blocks have already been discussed, but there are a few new ones including a 
controller and Bluetooth communications module, The controller is typically some form of digital micro- 
controller or processor that oversees the entire system, It receives the various measurements from the 
system, processes them and provides control signals to the amplifier and pre-regulator. If an adaptive 
matching circuit is present, the controller will also provide the necessary control signals, Included in 
the control signals is information provided via the Bluetooth module from the device, or devices, either 
connected, or requesting to be connected, This information is also used to make adjustments in the 
control signals based on compliance with a standard, such as A4WP [11.1], and other parameters. 
[11.1] 44 Wireless Power Transfer System Baseline System Specification (BSS), A4WP-S-0001 v1.3.1, February 25, 20 
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Device System Block Diagram 
Next we present a wireless power system device architecture suitable to realize an A4WP compliant 
product. There are eight major building blocks for this architecture which in order are: 


1. Device coil 

2. Device coil tuning 

3. EMI filter 

4, Rectifier - typically a Schottky diode full bridge 

5. Post-regulator - typically a Buck converter 

6. Load - such as a cell phone battery or USB port 

7. Controller - typically digital 

8. Communications module - Bluetooth Low Energy (BLE) 


Due to cost and size constraints, blocks 4, 5, 7 and 8 are typically monolithically integrated for 
power levels below 10 W. Above 10 W, the rectifier losses will become too high and discrete 
solutions become the norm. 
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Device System Block Diagram - continued 


Up to this point the device discussion has ended at the un-regulated output of the rectifier with 
the voltage depending on coil conditions and load power demand, This un-regulated Voltage 
must be converted into a stable voltage for use in most applications. Depending on the applica. 
tion, the fixed output voltage can be 5 V, A buck converter is used to provide voltage regulation 
as most usable operating conditions will lead to a high enough input voltage to reduce down 
to SV. Furthermore, some device applications have power dissipation limits imposed on them, 
such as 0.5 W for smart phones, thereby eliminating linear regulators as an option for the post 
regulator, and making the buck converter the best choice. The buck converter is also the simplest 
and most cost effective solution, 


The controller receives the operating measurements and provides the control signal for the buck 
converter. It also communicates with the rest of the device and with the source via the BLE. This 
is necessary to connect to the source and inform the source of power requirements. 
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High Frequency Current Measurement 


Current Sense Circuit 


High Frequency Current Measurement 

The controller requires measurements of various operating conditions in the wireless power 
system, and the most important is the coil current (a). This high frequency current is not trivial to 
measure and classic shunt techniques result in an output voltage that is very small and difficult to 
process. Specialized isolated current sensors can overcome the low output voltage issue, but become 
prohibitively expensive. A simpler technique is needed to measure the coil current. 


Shown in the figure is a schematic for the measurement of the high frequency coil current. The output 
of this circuit is a voltage that is proportional to the magnitude of the current. The circuit features 
full galvanic isolation so it can be used in single-ended or differential-mode amplifier topologies. 
The measurement circuit uses a simple diode rectifier envelope tracker typically found in low cost 
amplitude modulation (AM) radios. The key feature of this measurement circuit is the large signal 
obtained that makes it easy to provide to a digital controller with an analog input. 


The circuit works by using an inductor (Lsense) a8 a high frequency current sensor. The inductance 
value of the sensor can be very small at between 20 nH and 100 nH for 6.78 MHz systems and 
depends on the magnitude of the current being measured. A micro-transformer (Tso) has its 
primary winding connected across the current sensor and a capacitor (Cyeso) connected across the 
secondary, This capacitor’s value is chosen so that it resonates with the leakage inductance of the 
transformer at 6.78 MHz, converting the reflected current into a large voltage which can now 
be rectified using a single Schottky diode (Dpeno) A Schottky diode is used primarily for its low 
Voltage drop and zero reverse recovery, thereby improving low current measurement performance, 
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High Frequency Current Measurement - continued 


It is also important to resonate with the leakage inductance of the transformer, and not the self 
or magnetizing inductance, as doing so will reflect back across the transformer and increase the 
impedance of the current sensor. This will effectively disconnect the coil from the amplifier, 
capacitor (C,.) is used to smooth out the rectified voltage that can now be provided directly to the 


controller for processing. 


This circuit can be made physically very small in relation to the balance of the amplifier, and can be 
realized using standard components. It also can be calibrated using firmware within the controller, 
making it easier to manufacture. The added inductance in the series path to the coil can easily be 
compensated for by re-calculating the series tuning capacitor (C,), and in the worst case approximately 
5 Q will be added to the tuned coil circuit impedance. The small value of the current sense inductor 
further ensures that the ESR will be low, and hence power dissipation will also be low. 
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Current Sensor Transfer Function 
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Measured HF Current Sense Performance 
To verify the performance of the current sense, a practical circuit was constructed using the following 
component values: 

Lee = 110 nH (CoilCraft part # 2222SQ-11 1JE) [11.2] 

Ts = 10 pH 1:1 coupled chip inductor (CoilCraft part # PFD3215-103ME) [11.3] 

Crso = 680 pF ceramic 

Dpemog = 40 V, 30 mA Schottky diode (Diodes Inc. part # SDM03U40) [11.4] 

Cou = InF ceramic 
The circuit was loaded with a 10 kQ resistor and tested using an emulating load comprising an 
inductor, series capacitor, and series load resistor similar to the one used for amplifier testing. The 
graph shows the results of the experiment for two different AC load resistance settings spanning a 
range between 200 mA and 750 mA. The dotted line extrapolates to the minimum current that can 
be measured using this setup due to the voltage drop of the rectifier diode. 


11.2] “Square Air Core Inductors,” CoilCraft datasheet PFD3215, Document 720 -1, Revised 16 August 2012, [Online] 
Available: http:/www.coilcraft.com/pdfs/1515sq.pdf 

[11.3] “Coupled Chip Inductors,” CoilCraft datasheet PFD3215, Document 982F-1, Revised 5 December 2012, [Online] 
Available: http://www.coilcraft.com/pdfs/pfd3215_flyback.pdf 

[11.4] “Surface Mount Schottky Barrier Diode,” Diodes Inc. datasheet PFD3215, Document number; DS30392 Rev, 9 - 2, 
Revised January 2009, {Online} Available: http:/www.diodes.comv_files/datasheets/ds30392,pdf 
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Coil Voltage, Current, and Phase Detect 


To be able to determine the coil impedance various measurements are needed that include, coi! 
current, coil voltage, and the phase angle between the coil voltage and current. Measurement of the 
coil current magnitude has been presented. Using a simple high resistance value divider network and 
a diode rectifier, the coil voltage magnitude can be determined. For a differential-mode setup the coil 
voltage will also need to be measured differentially and processed using a high bandwidth operational 
amplifier for each phase, or it can be fed directly into two separate analog inputs on the controller 
to be processed internally. Any phase shift between the two measured voltage signals will result in a 
constant offset that can be calibrated out. 


The determination of the phase angle between the coil voltage and current is a two-step process. The 
high frequency scaled voltages (Vowy and Vou) of the respective measurements are each fed into a 
comparator that acts as a zero crossing detect. It is important to use similar voltage scaling for each 
comparator to minimize phase offset error. These two digital zero crossing detect signals are then fed 
into a D-flip-flop. For the setup shown, the output of the D-flip-flop will become high if the current 
leads the voltage (i.e. capacitive), and will become low if the current lags the voltage (i.e. inductive), 
and is used to determine the sign of the phase angle, The magnitude of the phase angle can be derived 
by inputting the two digital zero crossing detect signals into an exclusive OR logic gate (XOR). The 
output of the XOR logic gate will be a series of pulses that can be passed through a low-pass filter (0 
yield a voltage that is proportional to the phase angle magnitude, 
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Determination of Coil Impedance Overview 


Measurements: 


+ lea — RMS coil current 

* Veo — RMS coil voltage 

*Vayp — Amplifier supply voltage 

+ lave — Amplifier supply current 

* Boi — Coil current phase 
Assumptions: 


Power Amplifier has high efficiency when operating at full power: 
Pane ~ Prot + Name > 95% 


Processing: 
1. Vegi = (V2/1)-Vayyp (2x for differential mode) 
2. Prot = Veo aus‘leoi_aus*C0S(B\oi) OR = Vane"lane 
3. Rea = Proit (lea)? 
4, [Zeal > Veoi/ leit 
5, Kil = Veil? 3 Rai?) 
6. X sign= Data latch 0,,.i to oscillator 
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Determination of Coil Impedance Overview 


With the ability to measure the key coil parameters, those parameters need to be converted into 
contro! parameters. In addition to the measured coil parameters, the DC input voltage (Vawe) and 
current (I,yp) to the amplifier also need to be measured. These are needed to verify some of the more 
difficult to calculate parameters, and to ensure the amplifier is operating within its design limits. 


A quick method to determine the coil power is to calculate it from the power supplied to the amplifier, 
This only works if the amplifier has high efficiency (> 95%) and, based on the experimental results 
presented earlier, this is not always the case. 
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Determination of Coil Impedance Overview + continued 


If the system is operating with the coil on-resonance, then the coil voltage (V,,y) can also be 
determined from the supply voltage (Vay). The equation for a ZVS class D amplifier is given in the 
example shown, The power (P,.a) delivered into the coil can also be determined from the measured 
coil voltage (V9) and current (1) magnitudes multiplied together, including the cosine of the phase 
angle (cos(@,)). The quickest method to determine the cosine of the phase angle in a controller is to 
use a lookup table. The coil determined power (Pi), and the amplifier measured power (Payp), can 
also be used to determine the efficiency of the amplifier, This information can be used to adjust the 
operating point to maximize efficiency. 


The resistance (R.,y) of the coil can now be calculated using the equation shown, and will work only 
if the current is of sufficient magnitude to avoid dividing by zero. This should not be a problem as 
there will always be a current in the coil of sufficient magnitude under most and normal operating 
conditions. 

The magnitude of the coil impedance (IZ..il) can be calculated from the coil voltage and current. This 
can then be used to determine the magnitude of the reactive component (|X;oi!) of the coil impedance. 
The magnitude of the reactive component of the coil impedance, together with the power phase angle 
sign (X,_.), can be used to determine adaptive matching control parameters (e.g. which capacitors to 
switch in or out to retune the coil). 


For a wireless power system only the coil current, coil power, and amplifier supply voltage are needed 
to sufficiently control the amplifier. All other parameters are needed for the system to make decisions 
and do not need to be in the critical control path. 
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Control Architecture - Amplifier Supply Voltage Regulation 

The first method that can be used to control a ZVS class D amplifier is presented here. This control 
method works by adjusting the supply voltage to the amplifier which in turn controls either the coil 
current or coil power, depending on the coil impedance and mode of operation. This control method 
is suitable for both single-ended and differential-mode amplifiers and has been implemented on both 
the EPC9509 [11.5] and EPC9510 [11.6] demonstrations boards. 

For this control method only three measurements are needed: the magnitude of the coil current (Uceal), 
the amplifier DC supply voltage (Vawe), and the amplifier DC supply current (I,ve). Using a multiplier, 
the amplifier power (Paup) can be determined. 


A combiner is used to determine in which mode the amplifier must operate. This can only be one of 
three: constant coil current, constant power, or constant voltage. 


The constant voltage mode has the highest priority and is used to limit the supply voltage to the am- 
plifier. This can occur if the magnitude of the coil impedance is higher than the amplifier operating 
limit, An example would be a class 3 coil presenting a coil impedance of 45-100} Q to the EPC9509 
amplifier, which would need a voltage that far exceeds the maximum of 52 V to drive 16 W into the 
coil. This mode of operation does not comply with the A4WP standard, 
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The constant power mode has the next priority for control. From the experimental data it was seen 
that since the amplifier has high efficiency when operating in the constant power region, the amplifier 
power measurement can be used as a control parameter for coil power. Since power control is not 
critical, the A4WP standard allows for higher power to be delivered, and therefore any variation due 
to amplifier efficiency is acceptable. 


The constant current mode has the lowest priority, but the highest control bandwidth requirement, 
This is due to small changes in voltage that can lead to large current swings in the coil. In this mode 
power delivered to the load becomes reduced as the coil becomes under-utilized, 


The combiner determines which control mode to operate in, and provides a reference control signal 
to the pre-regulator. The pre-regulator can be a SEPIC converter, or any suitable converter that can 
control the amplifier voltage. 


[11.5] {Online} Available; http://epe-co.comv/epe/Products/DemoBoards/EPC9S09 aspx 
[11.6] [Online] Available; http://epe-co,com/epe/Products/DemoBoards/EPC9S 10.aspx 
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Differential-Mode ZVS Class D Phase Shift Control 


Another method that can be used to control the ZVS class D amplifier is phase shift control. This 
method will only work for the differential-mode amplifier that must also be configured as two 
individual single-ended amplifiers due to each single-end amplifier becoming separately controlled. 


For this method each amplifier operates at a fixed frequency, 6.78 MHz in this case, and with a fixed 
duty-cycle of 50%, as has been the case for all of the ZVS class D amplifiers discussed. The control 
signal is then phase modulated between the two single-ended amplifiers, as shown in the top left 
where the red signal is the reference for the left single-ended amplifier, and the blue is the phase shifted 
signal for the second single-ended amplifier. The result of phase shifting the signals is shown in green 
in the top right, yielding an equivalent output signal with a varying duty-cycle that is proportional to 
the phase difference between the two amplifiers. Maintaining 50% duty cycle and a fixed frequency 
is critical for ensuring proper operation of each of the amplifiers. 


This contro! method has the advantage over the amplifier supply regulation method because it can 
react faster to a change in the control signal input, thus making it easier to control. This reduces the 
control bandwidth requirements of the controller, The disadvantage of this control method is its 
potential to increase EMI in the lower frequency spectrum, including spreading it out so frequencies 
can appear that are not present in the amplifier supply voltage control method. 
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Control Architecture — Phase Shift Control 


Shown is the implementation of the phase shift controller that is based on the amplifier supply voltage 
controller. Similar parameters are measured, but instead of controlling the pre-regulator this method 
directly controls the ZVS class D amplifiers. This simplifies the pre-regulator allowing a simple boost 
converter to be used instead. The output of the combiner from the amplifier supply voltage controller 
is used as a reference to generate the phase shifted signals. This can be single-edge where only the 
second amplifier phase is shifted, or dual-edge driven where both amplifiers are phase shifted relative 
to each other. The latter method is preferred as it yields a symmetrical impact to both amplifiers. 
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Most of the wireless power transfer system control can be 
implemented using a relatively low cost, low power micro- 
controller. Functions to be included are: 


+ Coil operating parameter determination 
+ PWM generation for the pre-regulator 

+ Amplifier on/off 

+ Analog signal processing (low frequency) 
+ Adaptive matching 


Implementation Strategy 

In summary, various control strategies have been presented. Most of the control functions can be 
implemented in a micro-controller, thereby keeping costs down for the system. These functions 
include coil parameters determination such as impedance and phase angle, PWM generation for the 
pre-regulator so an external controller is not needed, amplifier on/off control for A4WP compliance 
to detect devices, and various analog signal processing for the system to make adaptive matching 
decisions. 
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CHAPTER 12: 
Summary 


The wireless power transfer convenience factor is addressed 
by the highly resonant, loosely coupled approach of the A4WP 
standard 


Both the class E and ZVS class D amplifiers are suitable for 
wireless power transfer at 6.78 MHz, but ZVS class D is superior 


The ZVS class D amplifier using eGaN FETs reduces wireless 
power cost 


eGaN FETs and integrated circuits contribute to superior 
amplifier performance and are enabling efficient, low cost 
wireless power 


Summary 


The concept of wireless power transfer that uses magnetic fields as a medium has been intro- 
duced. Magnetic fields were chosen as they offer ease of use and are considered safe. Potential 
applications, such as mobile computing and medical that could be significantly impacted by this 
technology, were presented. 


A brief overview of the various wireless power transfer standards were introduced leading up to 
the highly resonant, loosely coupled approach, which was deemed the most suitable for further 
investigation. This led to the introduction of the highly resonant coil sets that form the core of 
the wireless power system, and how these coils are typically tuned. 


Next, various amplifier topologies suitable for use in wireless power transfer systems, including 
class E, traditional yoltage-mode class D, current-mode class D, and ZVS class D topologies 
were introduced. These amplifiers all operate as switched-mode converters to ensure the highest 
possible efficiency, The design of these amplifiers was covered with respect to the needs of 
wireless power transfer, 
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Summary - continued 

Suitable devices for the amplifiers were presented, and a means to quickly compare the Potential 
performance benefits using a figure of merit approach was discussed, Then, experimental versions of the 
amplifiers operating on-resonance were presented. From those experimental results, it was clear that the 
ZVS class D topology, fitted with eGaN FETs, exhibited superior performance over the other amplifiers 


Following on-resonance experimental verification, the elements that contribute to the convenience factor 
of wireless power transfer were discussed. The potential end-use scenarios showed that multiple simul. 
taneous loads and the introduction of foreign metal objects affect the coil impedance. To address these 
end-use conditions, the A4WP Rezence standard prescribes a wide operating impedance range for the 
amplifier. 

The Rezence standard was used as a guide to evaluate the capability of the amplifiers. Testing showed 
that eGaN FETs consistently outperformed MOSFETs, regardless of the amplifier tested, and that the 
ZNS class D amplifier was capable of operating over a significantly wider impedance range than the 
class E amplifier. System-level tests were also conducted using actual coils to deliver power. Two types 
of A4WP compliant coils were tested; a class 2 and a class 3. The results show good efficiency for the 
class 2 system and the ability of eGaN FETs used in a ZVS class D amplifier to realize a fully class 2 
compliant system without the need for adaptive matching. 


A method was developed to further improve the efficiency of the ZVS class D amplifier by 
eliminating the reverse recovery losses of the gate driver bootstrap power supply. This is 
accomplished by replacing the diode with an eGaN FET that is switched synchronously with 
the lower device. Experimental testing yielded dramatic improvements at both 6.78 MHz and 
13.56 MHz, with the operating temperature dropping by as much as 11°C and 31°C respectively. 


A radiated EMI analysis of a wireless power systems showed that the class E amplifier is susceptible to 
generating high levels of even-order harmonics that are difficult to remove, whereas the ZVS class D 
is not susceptible to generating these harmonics. The process of designing an EMI filter that does not 
impact the coil was also presented with an analysis of its performance capability. Modification of the 
filter to account for common-mode EMI was then given. 


The multitude of wireless standards has also led to consumer confusion and, to address this issue, a 
multi-mode approach to wireless power transfer was presented. It was shown that itis possible to design 
a cost-effective multi-mode source unit that can drive source coils of the various standards using a single 
amplifier. 


Finally, various control strategies for the ZVS class D amplifier were presented together with methods 
to measure various control parameters such as coil current and power phase angle. The implemented 
control strategy used on the demonstration boards was also given including a new phase shift control 
method, 


Now we can finally cut the cord and go wireless! 
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Efficient Power Conversion (EPC) Product Selector Guide 
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Demonstration Boards 


Part | 
Description Py Vour Nour Featured Product 
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48V to 5 V 400 kHz Buck Converter 
Amplifier board for ZVS Class-D wireless system 
Amplifier board for ZVS Class-D wireless system 
Amplifer board for ZVS Class-D wireless system 
A4WP compatible, ZVS Class-D Wireless Power System 
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silicon (eEGaN) FETs as power MOSFET replacements in applications such as wireless power 
transfer, DC-DC converters, envelope tracking, RF transmission, power inverters, remote 
sensing technology (LiDAR), and class D audio amplifiers with device performance many times 
greater than the best silicon power MOSFETs. 


eGaN® is a registered trademark of Efficient Power Conversion Corporation. 
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The end of the road for silicon... 
is the beginning of the eGaN® FET journey! 


aNN..Changing the Way We Live 


This second edition comes less than a year following the release of the first edition = this is the pace 
at which the understanding and application of wireless power transfer is moving. “Cut the cord” is 
the battle cry - and now that we know it can be done, what's holding us back, let's pick up speed 


and get on with it! 


The scope of this second edition has expanded to include the latest work on A4WP class 2 and class 3 
transmitters, adaptive tuning, radiated EMI, multi-mode wireless power systems, and control 
strategies. There are also systems demonstrated using the latest in eGaN FETs and integrated 
circuits that set new efficiency benchmarks as well as reduce system costs, There is still much 
more to accomplish as this fast moving technology evolves; the purpose of this second edition is 
to share the latest information on the subject. 


Now, let’s...Cut the cord! $39.95 
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